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ABSTRACT 
Objectives: To assess the viability of using high-strength polymers as framework 
materials for full arch implant-supported fixed prostheses, veneered with full-coverage 
restorations of different materials. The machinability, mechanical performance, and 
damping capacity of the polymer-based materials was of interest. 
Methods: The two framework polymers – a polyetheretherketone (JUVORA™ Dental 
Disk, Juvora) (PEEK) and a fiber-reinforced composite (TRINIA™ CAD/CAM Disk, Trinia) 
(TR) – were characterized with Fourier-Transform Infrared (FTIR) Spectroscopy and 
energy-dispersive X-ray spectroscopy (EDS). Phase 1 consisted of a machinability study 
involving the merlon fracture test, which tested the milling success of PEEK and TR at 
0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm. 10 four-walled merlons of each thickness 
and material were milled out of CAD/CAM Disks (n = 100 merlons, n = 400 walls) using 
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a 5-axis milling machine, inLab MC X5 (Dentsply Sirona, Germany). Milling success rate, 
fracture height, fracture length, fracture position, fracture direction, and chipping factor 
were assessed. In phase 2, 20 bars of dimensions 3.3 mm x 10 mm x 40 mm were milled 
from each of the two framework materials, PEEK and TR, and two veneer materials – a 
composite resin material (Shofu Disk HC, Shofu, Inc., Kyoto, Japan) (COM), and a high-
translucency 3 mol% yttria-stabilized tetragonal zirconia polycrystal material (Cercon® ht, 
Dentsply Sirona, Bensheim, Germany) (ZR). Framework and veneer bars were bonded 
to each other in 4 framework/veneer combinations of 10 bilayers each: PEEK/COM 
(PCB), PEEK/ZR (PZB), TR/COM (TCB), and TR/ZR (TZB). Bilayer bars were loaded to 
failure in a 3-point bending test.  Failure load, biaxial flexural strength, failure pattern and 
failure mode were documented. In Phase 3, 10 full arch fixed implant-supported 
frameworks were designed and fabricated in TR material over an epoxy resin model 
containing 4 implants in the second premolar and lateral incisor positions. 5 frameworks 
were veneered by COM in the canine to first molar region, while the other 5 were 
veneered by ZR. Four loading sites were designated per prosthesis in the occlusal 
surface of the first molars and the first premolars. Prostheses were loaded at the four 
occlusal sites in 5 cycles of loading and unloading. The damping capacity of the 
prostheses was calculated based on energy absorbed during loading and unloading. 
Displacement and permanent deformation values of the prosthesis structures were 
obtained from the load-displacement data. Prostheses were loaded to failure at the same 
sites, and failure load and failure mode were observed. 
Results: The minimum machined thickness of PEEK and TR was 0.5 mm. There was no 
significant difference between milling success of PEEK and TR, but cumulative success 
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rate was slightly superior in PEEK. PEEK exhibited a ductile response to machining 
damage, while TR showed a more brittle response. Chipping factor of PEEK was higher 
than TR eightfold, meaning TR showed an improved marginal integrity at 0.5 mm. Both 
materials showed concerning signs of machining damage with the milling parameters and 
tools used in this study. Bilayer bars with a TR framework withstood significantly higher 
loads at failure compared to bilayers with a PEEK framework. Bilayer bars with a ZR 
veneer withstood significantly higher loads at failure compared to bilayers with a COM 
veneer. The biaxial flexural strength of the four framework/veneer combinations could not 
be compared due to the occurrence of delamination in 3 of the 4 groups. The PZB group 
was the only group with fracture of both the veneer and framework without any 
delamination and exhibited a mean biaxial flexural strength of 46.15 ± 5.76 MPa. None of 
the bilayer bars with a TR framework exhibited framework fracture. In delaminated 
specimens, bilayer bars with a TR framework exhibited mixed adhesive-cohesive failure 
on both layers, while bilayer bars with a PEEK framework exhibited purely adhesive 
failure on the PEEK-cement interface. Full arch implant prostheses with a TR framework 
demonstrated elastic hysteresis in continuous cycles of cyclic loading, which is evidence 
of viscoelastic damping. Significantly higher energy absorption was observed in 
prostheses veneered with COM compared to ZR. Energy absorption decreased with 
increasing cycles of loading-unloading. Significantly higher maximum displacement was 
observed in prostheses veneered with COM compared to ZR, and in cantilever support 
compared to bounded support. Maximum displacement was inversely related to the 
thickness of the veneer and framework materials. Permanent deformation of the 
prosthesis was negligible after 10 cycles. The failure pattern of all prostheses presented 
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as fracture in the veneer only and partial delamination of the veneer with mixed adhesive-
cohesive failure mode. The mean failure load at ZR-veneered bounded sites was 
significantly higher than that of COM-veneered bounded sites. The mean failure load at 
bounded loading sites was significantly higher than that of cantilever loading sites. ZR-
veneered prostheses demonstrated failure load values above 1000 N at all sites. 
Conclusion: The merlon fracture test is well-complemented by several quantitative and 
qualitative measures to assess the machinability of materials. Optimized tools and 
parameters for milling PEEK and TR should be investigated. Full arch implant prostheses 
with TR framework and ZR veneer are a viable option for fixed implant rehabilitation 
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Chapter 1: INTRODUCTION 
Implant-supported prostheses have become the first-choice treatment in 
edentulous patients due to the vast improvement in standard of living and quality of life 
compared with treatment with conventional dentures. Full arch fixed implant-supported 
prostheses have been historically described as fixed complete dentures, implant 
supported cantilever prostheses, or hybrid prostheses. The term hybrid originally referred 
to the combination of materials used such as ceramic-metal or resin-ceramic, or to the 
combination of therapeutic modalities involving complete denture concepts and the 
splinting of implants (1). Bidra et. al classified full arch fixed implant-supported prostheses 
according to (2): 
1. Mode of retention  
a. screw-retained 
b. cement-retained 
c. combination (screw-retained frame with individual cemented crowns) 












4. Artificial gingiva 
a. denture base acrylic resin 
b. gingival composite resin 
c. gingival porcelain  
d. gingival staining 
Full arch splinting of multiple implants has the advantage of increased stability, 
retention, and the ability to support a distal cantilever span. The main advantages of 
cantilevered prostheses are the cost-effectiveness and minimal invasiveness of placing 
fewer implants (1). The “all-on-four” treatment concept is a unique treatment modality 
combining several advantageous features of implant treatment. Maximizing the use of 
available remnant bone in atrophic jaws allows immediate function and avoiding bone 
regeneration procedures, reducing treatment costs, patient morbidity, and inherent 
complications. The protocol typically uses four implants in the anterior edentulous jaw. 
The two most anterior implants are placed axially, whereas the two posterior implants are 
placed distally and angled to minimize the cantilever length, allowing the application of 
prostheses with first molar occlusion despite placing implants in the first or second 
premolar regions (3). 
The original surgical-prosthetic protocol introduced by P.I. Branemark advocated 
the placement of four to five implants for the restoration of a resorbed mandible and six 
implants on mandibles that demonstrated minimal to moderate resorption (3). In a five-
year retrospective clinical study, Galucci et. al, found no statistically significant correlation 
between the use of four and six implants and the number of complications experienced 
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or the success rate of full arch implant prostheses with a metal framework (1). In a 
systematic review, Penaloza et. al, suggested a 99.8% survival rate of all-on-four 
prostheses in 24 months, but exercised caution due to the limited systematic evidence 
when it comes to methodological quality, a lack of adequate follow-up, and sample 
attrition (3). 
1.1 Prosthetic Materials in Fixed Implant Rehabilitation 
As mentioned in Bidra’s classification of full arch fixed implant-supported 
prostheses, the type and combination of materials that have been used are numerous 
(2). Metal-acrylic resin prostheses are known as the original hybrid prostheses, and have 
demonstrated a high survival rate, and the longest track record in the literature (4). Metal-
acrylic resin remains a popular choice for fixed complete dentures because of its 
simplicity, reduced cost, easier reparability and the familiarity of technicians and clinicians 
with this material over the years (2). However, the high rate of prosthetic complications 
related to this material combination is also well known to clinicians. It has been found that 
metal- acrylic resin fixed complete dentures could require resin maintenance work five to 
six times over a 10-year period. Prosthesis-related complications, including the fracture 
of the acrylic resin veneer, prosthetic screw loosening/fracture, wear and fracture of resin 
denture teeth, fracture of prosthesis framework, and poor gingival esthetics and 
architecture have been reported over short- and long-term periods (4).  
Framework materials were traditionally metal-based to ensure the sufficient 
stiffness of implant-supported fixed dental prostheses (5). At first, gold alloy was 
considered the benchmark material for implant-supported fixed dental prostheses. 
However, the high cost of gold has generated a demand for less expensive alternatives 
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such as titanium, which had the disadvantages of increased technical difficulty involved 
in processing and increased framework dimensions, which in turn affected patient comfort 
(5). The rise of computer-aided design/computer-aided manufacturing (CAD/CAM) 
allowed dental technicians to overcome the shortcomings of cast restorations that come 
with procedural errors. Large frameworks can be manufactured using CAD/CAM 
technology very precisely from prefabricated homogeneous blanks of various materials 
(5). This includes zirconia, which has been in use for almost 20 years, due to its high 
strength and natural white color (2). 
 Zirconia used in dentistry is in the form of yttria-stabilized tetragonal zirconia 
polycrystal (Y-TZP). Zirconia is currently considered the strongest of all dental ceramics 
presently available with a flexural strength of 900 to 1400 MPa (2). Initially with early 
opaque zirconia materials, full contour ceramic veneering was necessary for esthetics. 
As a result, the primary clinical issue was the substantially high rate of veneered porcelain 
fracture or chipping, ranging from 15% to 54% as reported in the literature, compared to 
a less than 1% rate of framework fracture (2). These issues were addressed by careful 
selection of good-quality zirconia blanks, incorporation of cut-back in the digital framework 
design process, and optimized heating and cooling rates during the firing of porcelain (2). 
These solutions have reduced the frequency of fracture of porcelain veneered to zirconia. 
Another solution was to restrict veneering to non-occlusal loading areas such as facially 
and gingivally, or to eliminate the veneer material entirely by using monolithic zirconia, 
with the addition of stains for tooth and gingival shading, and internal coloration for 
improved esthetics (2). The advantages and disadvantages of using zirconia in fixed 




1.2 Biomechanics of Implants and Natural Teeth 
There is an important distinction to be noted of the connection between implants 
to the alveolar bone when compared to the natural physiology of teeth within the 
periodontium. Osseointegration of implants occurs in the absence of an intermediary 
periodontal ligament (PDL) between the implant and the surrounding bone. The PDL has 
been shown to demonstrate complex viscoelastic behavior that allows the dissipation of 
stresses on natural teeth and bone (6,7). To compensate for this stark difference in 
expected biomechanical behavior, Branemark recommended that implants and natural 
teeth not be used as abutments for the same fixed prosthesis, that implants be restored 
with resilient restorative materials, and that prostheses be planned with a retrievable 
design (8). Clinicians have since tried to restore implants in many ways that do not respect 
these guidelines, such as the use of rigid restorative materials, cement-retained designs, 
and most importantly, the splinting of teeth and implants as part of fixed dental 
prostheses. Following suit with other authors, Sheets et. al have documented the 
incidence of the most prevalent complication of splinting implants and natural teeth: tooth 
intrusion of the natural abutment (8). 
According to Sheets, the periodontal ligament around natural teeth acts as a shock 
absorber due to its viscoelastic properties. The amount of force transmitted to the PDL 
and bone around teeth can stimulate orthodontic movement depending on force intensity 
and vector. In contrast, implants transmit forces directly to the bone due to the direct 
bone-to-implant contact and cannot be orthodontically moved. In a prosthesis splinting a 
tooth to an implant, occlusal forces are evenly distributed among the abutments, and 
transmitted cervically. However, while the PDL of the natural tooth absorbs a portion of 
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the force, the implant transmits the force directly to the bone in a primarily elastic 
mechanism lacking energy dissipation. As a result of being connected to a highly energy-
conservative structure, the tooth receives a greater amount of force than usual, leading 
to stimulation of osteoclasts within the alveolus and intrusion of the tooth (8). This may 
also happen with overloading of natural abutments as part of a tooth-borne prosthesis but 
to an effect shared by the natural abutments. In a tooth-implant-borne prosthesis, the 
implants cannot move, leaving the natural abutment to intrude alone. 
 
Figure 1. Energy dissipation by PDL is due to viscoelastic response to stress (8). 
 
Figure 2. Tooth-Implant-borne prostheses transmit a high amount of stress to the 
natural abutment, leading to tooth intrusion (8). 
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Clinicians have since tried to replicate the damping effect of the periodontal 
ligament with various implant, abutment, and restorative systems (9,10,11). Researchers 
and clinicians have attempted to include various resilient and viscoelastic components 
within the implant-abutment-restoration complex. These components are predominantly 
composed of polymeric materials. Traditionally, this has included acrylic-based composite 
resins as far as dentistry is concerned, but recently several high-strength CAD/CAM 
polymers suitable for this role have emerged. These materials are the primary concern of 
this research. 
1.3 Properties and Mechanics of Polymers 
Polymers are compounds consisting of repeating units, or monomer segments. 
Homopolymers consist of chains made of the same monomer. When two or more different 
monomers are used, the resulting material is classified as a copolymer. Polymers may be 
linear or branched. The tendency for branching in a homopolymer depends strongly on 
its synthesis conditions. The distinguishing feature of polymers when compared to metals 
or ceramics is their molecular weight. The length and composition of the molecular chain 
results in many unique attributes for polymers, most notably time- and temperature-
dependency, and this varies for different polymers (12). 
Properties of macromolecule-based materials are generally strongly related to 
temperature variation, and that includes polymers. Amorphous polymers can be brittle 
and hard at low temperatures and softer and more malleable when a critical temperature 
is reached, known as the glass transition temperature (Tg). At temperatures above the Tg 
value, there is increased flow character to the bulk material due to the weakening of bonds 
between the polymer chains. The glass transition temperature of a polymer is conditioned 
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by the chemical structure, degree of chemical or physical crosslinking, and molecular 
weight. Another important phase change occurs at a higher temperature range and known 
as the melting temperature (Tm). The Tm of a is a crucial property involved in polymer 
processing and distinguishes between thermoplastic or thermoset polymers (13). 
In thermoplastic polymers, after reaching the glass transition temperature or 
softening temperature, the material softens and adopts a viscous liquid state, followed by 
subsequent transformation into glassy or semicrystalline hard solids after cooling. This 
process is reversible but limited, meaning that repeated heating and cooling cycles can 
eventually cause structural or functional effects such as color and shape modification, 
microstructural alteration, and mechanical dysfunction. If temperature is raised even 
further, beyond the melting temperature, then its entire crystalline structure is modified, 
the linear macromolecular backbone chain becomes mobile, and the specific 
physicochemical properties can be altered (13). 
In thermosetting polymers, the liquid-solid state transition that occurs after heating 
above its reactive curing temperature and then cooled down is an irreversible solidification 
process. During the curing process, small molecules are chemically linked and create 
complex interconnected networks, thus, resulting in a permanent hard and rigid product. 
Further heating of thermosets results in chemical decomposition and severe structural 
alteration rather than melting. In comparison with thermoplastics, the mechanical 
properties (tensile strength, compressive strength, and hardness) of thermosetting 
polymers are still temperature-dependent, but not to the same extent. The current 
progress in polymer science enables tremendous compositional and structural 
possibilities regarding the development of novel thermosetting resins for functional and 
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structural practice with properties similar to those of thermoplastics, but with better solvent 
resistance and improved high-temperature dimensional stability (13). 
Thermoplastics and thermosets have been extensively investigated and explored 
for high-performance composite applications. One major advantage of thermoplastic 
polymers is related to their minimal chemical change during and after processing, as well 
as their ductility and recycling potential. By comparison, thermoset polymers present 
excellent solvent resistance but may be too fragile for certain applications (13). 
Based on their molecular weight and structure, high-performance polymers (HPPs) 
are superior thermoplastic polymers with vast biomedical applications. Fiber-
reinforcement and the inclusion of fillers have also been shown to contribute to 
mechanical performance of various polymers, indicating fiber-reinforced composites 
(FRCs) for demanding applications. 
1.3.1 High-Performance Polymers 
Polyetherketoneketone (PEKK) and polyetheretherketone (PEEK) are the two 
most well-known of the polyaryletherketone (PAEK) family which are thermoplastic high-
performance polymers (HPPs) (Figure 3). HPPs have been in the engineering field since 
the 1980s and they show superior mechanical properties as well as chemical resistance 
compared to most thermoplastic composites. Their enhanced performance is linked to 




Figure 3. High-Performance Polymers include PEKK and PEEK (15). 
 
Polymers of the PAEK family have molecular structures that maintain material 
stability at high temperatures (exceeding 300°C), resistance to chemical and radiation 
damage, compatibility with many reinforcing agents such as glass and carbon fibers, and 
greater strength-to-mass ratio than many metals, making it highly attractive in industrial 
applications, such as aircraft and turbine blades. The PEEK molecule is relatively stiff 
because of the presence of the benzene rings along its backbone; however, the molecule 
does have the freedom to rotate axially about the ether bonds and ketone-carbon bonds. 
When cooled slowly from the molten state, the molecular chain can rotate upon itself to 
form chain folds and to organize into ordered domains, known as crystals. PEEK crystals 
are embedded within amorphous regions forming a biphasic semi-crystalline 
microstructure. Its stability, biocompatibility, radiolucency, and mechanical properties 
make PEEK a suitable biomaterial for orthopedic and spine implants (12). 
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PEEK can be readily combined with certain additives to create a composite. A 
composite material is comprised of two or more distinct phases, each retaining unique 
physical, bioactive, and mechanical properties, bonded together by an interface. The 
overall mechanical behavior of a composite is thus governed by the properties of the 
individual constituents and the interfaces between them. In the case of PEEK, the polymer 
is typically designed as the matrix of the composite and constitutes most of the volume in 
the polymer composite (12). 
Advanced computer-aided design and computer-aided manufacturing (CAD-CAM) 
technology has introduced PEEK as yet another machinable material suitable for dental 
prostheses. The use of PEEK has been recommended for a wide range of applications 
including CAD-CAM fixed and removable dental prostheses. PEEK was additionally 
recommended for occlusal splints, intra-radicular posts, implant abutments, customized 
healing abutments, and provisional restorations. However, there is short track record and 
only a few clinical studies documenting the successful use of PEEK in clinical applications 
(16). 
1.3.2 Fiber-Reinforced Composites 
Fiber reinforced composites (FRCs) are typical composite materials made of a 
polymer matrix that is reinforced by fine thin fibers. The polymeric matrix, consisting of 
polymerized monomers, has the function of holding the fibers together in the composite 
structure. The matrix may influence the compressive strength; interlaminar shear and in-





dentures and fixed partial dentures), endodontic (root canal posts), restorative dentistry 
(provisional restorations), periodontology (periodontal splints), and orthodontics 
(orthodontic retainers, space maintainers) (17). 
Table 3. Different types of glass fibers by composition (16). 
 
The properties of reinforced glass fiber composites are influenced by the 
orientation of fiber, surface treatment, quantity of the fiber by volume, pre-impregnation 
of the fiber, adhesion of the fiber to the matrix polymer, composition of the glass fibers, 
properties of the polymer matrix, and water sorption (17). 
Unidirectionally arranged continuous fibers are anisotropic and have different 
properties depending on loading direction. Randomly oriented or chopped fibers give 
isotropic properties, so they behave consistently in all directions. When stress is exerted 
along the direction of the fiber, the strength of the fiber is greatest, and the strength 
reduces when the stress is applied at an angle to the direction of the fiber. As a result, 
unidirectional glass fiber can have significantly greater strength compared to bidirectional 
or randomly oriented fibers, if loaded in a favorable direction (17).  
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1.3.3 Viscoelastic Properties 
Due to their molecular structure, polymers exhibit viscoelastic properties which 
provide a damping capacity. This damping capacity varies based on the type of polymer. 
Elastomers have a very high damping capacity and have been used in vibration-control 
applications such as engines to reduce wear-and-tear due to excessive vibration (18). 
Elasticity is the property of many solids to store stress or load as strain, or 
deformation. Within a certain stress, the elastic limit, this deformation is immediately 
reversible upon removal of the stress. The elastic modulus describes the stiffness or 
flexibility of the material and assumes a purely elastic mechanism. Viscosity is a property 
that allows materials, usually liquids, to disperse in response to stress, thereby dissipating 
applied load instead of storing it within the material. Some solids exhibit viscoelasticity, 
wherein the response to stress is not completely elastic. In polymers, it is believed that 
during deformation, polymer chains rub against each other at a molecular level, producing 
heat and dissipating part of the energy being transmitted to the material. This leads to a 
delayed strain response to the stress applied, allowing the material to behave in a 
viscoelastic manner, rather than purely elastic (18). 
In a stress-strain curve of axial loading and unloading of a viscoelastic material, 
the path of the stress-strain curve follows different paths during loading and unloading, 
unlike materials with pure elastic behavior. In continued cycles, the stress-strain curve 
rises with the loading curve showing a steeper slope than the unloading curve, and the 
pattern continues in a loop. The resulting appearance is that of a hysteresis loop. In 
addition, when stress and strain are each plotted against time, the delay in strain response 
to stress can be clearly identified. In rheology, which is the study of the flow of matter, the 
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phase lag between the stress curve and the strain curve is known as 𝛿 (delta). Through 
dynamic mechanical testing (DMT), scientists can calculate an energy loss factor, tan(𝛿), 
which represents the out-of-phase time-dependent relationship of stress and strain. This 
can be done by isolating the elastic and inelastic components of the system into a Storage 
Modulus (G’) and a Loss Modulus (G’’), which together comprise a material’s Complex 
Modulus (G*). The energy loss factor is calculated by the following formula: tan(𝛿) = G’/G”. 
This phase lag gives polymers their properties of creep compliance and stress relaxation. 
Therefore, in viscoelastic materials such as polymers, concepts of loading should not be 
applied from a purely linear or elastic perspective. Quantifying the damping capacity of 
polymers used in dentistry is crucial to understand the role of polymer-based implant-
supported prostheses in energy dissipation and shock absorption (18). 
1.4 Statement of Problem 
Dental porcelains currently dominate the restorative dental domain. At present, 
zirconia is the predominant material of choice for monolithic and layered restorations 
mainly due to the ability to produce high-strength all-ceramic restorations coupled with 
the efficiency and cost-effectiveness of CAD/CAM technology. However, for full arch 
implant prostheses, the increased weight, difficulty of adjustments, brittleness, and lack 
of shock absorption of zirconia prostheses are considered drawbacks by many clinicians. 
Considering the emergence of high-strength polymers in dentistry as a lightweight, 
resilient, and adjustable metal-free alternative to zirconia for prosthetic substructures, 
extensive evaluation of these materials’ machinability, mechanical properties, and 
performance is necessary. These materials are commercially available and 
recommended by the manufacturers for a multitude of applications, and in combination 
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with various veneering materials, yet there is sparse literature evidencing the use of these 
materials with proven clinical success. 
1.5 Purpose 
The aim of this dissertation is to investigate the application of high-strength 
polymers in dentistry as low-density, viscoelastic, and seemingly biocompatible 
alternatives to metal and zirconia. In specific, the author intends to study the viability of 
using high-strength polymers as framework materials for full arch implant-supported fixed 
prostheses with an anatomic coronal design that can be veneered with full-coverage 
restorations. The first phase of the experiment consists of an evaluation of the 
machinability of two high-strength polymers, a polyetheretherketone (JUVORA™ Dental 
Disk, Juvora) and a fiber-reinforced resin (TRINIA™ CAD/CAM Disk, Trinia) – which are 
referred to in this manuscript as PEEK and TR respectively. The second and third phases 
of the experiment aim to appraise the mechanical properties and damping capacity of 
bilayer structures and prostheses using these polymers as framework materials, 
veneered with occlusal materials of different elastic moduli. 
1.6 Objectives 
The objectives of this in vitro study were to: 
1- Evaluate the damage caused by machining on PEEK and TR restorations with 
various wall thicknesses. 
2- Identify the minimum machined thickness of PEEK and TR with the help of the 
merlon fracture test. 
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3- Evaluate the bilayer biaxial flexural strength, failure load, and failure mode of 
bilayer structures of various framework/veneer combinations where the framework 
is a high-strength polymer, and the veneer is an occlusal material of high or low 
elastic modulus. 
4- Evaluate the effect of the veneer material on the damping capacity of prostheses 
under cyclic loading. 
5- Evaluate the effect of loading site (prosthesis thickness) and support type 
(bounded/cantilever) on damping capacity of prostheses under cyclic loading. 
6- Evaluate the effect of the veneer material on prosthesis failure load. 
7- Evaluate the effect of loading site (prosthesis thickness) and support type 
(bounded/cantilever) on prosthesis failure load. 
1.7 Null Hypotheses 
1- There is no difference in the pattern and extent of machining damage of milled 
PEEK and milled TR restorations. 
2- There is no difference in the minimum machined thickness of PEEK and TR. 
3- The use of different framework/veneer combinations has no effect on the bilayer 
biaxial flexural strength and/or failure load. 
4- The use of different framework/veneer combinations has no effect on the bilayer 
failure mode. 
5- The use of different veneer materials has no effect on prosthesis damping capacity 
under cyclic loading. 
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6- The loading site (prosthesis thickness) and support type (bounded/cantilever) have 
no effect on prosthesis damping capacity under cyclic loading. 
7- The use of different veneer materials has no effect on prosthesis failure load. 
8- The loading site (prosthesis thickness) and support type (bounded/cantilever) have 










Many of the commercial CAD/CAM materials are configured into the software and 
are linked to the appropriate material class and milling tools by default. However, less 
widely used materials are not configured into the software, and it is not possible for the 
user to program new materials that are not listed. In that case, it is possible to select 
“Miscellaneous” under the Manufacturer drop-down menu. The software then allows the 
selection of the desired material class, with all classes available except glass ceramics. 
Since the material class determines the type of tools that can be used, it was thus not 
possible to machine any “Miscellaneous” materials using diamond grinders. 
The CAD/CAM materials selected as framework materials for this study were two 
high-strength polymers– TRINIA™ CAD/CAM Disk (Trinia, Boston, MA, USA) and 
JUVORA™ Dental Disk (Juvora Ltd, Lancashire, UK) – which were coded in this 
manuscript as TR and PEEK respectively. As for veneering materials, two esthetic 
CAD/CAM materials were selected – a composite resin material, Shofu Disk HC (Shofu, 
Inc., Kyoto, Japan), and a high-translucency 3 mol% yttria-stabilized tetragonal zirconia 
polycrystal material, Cercon® ht (Dentsply Sirona, Bensheim, Germany). These two 
materials were coded in this manuscript as COM and ZR respectively. 
Out of the four materials, only the veneering materials were found to be 
programmed in this CAM software version with the appropriate material class and milling 
tool combination. COM is machined by the composite carbide cutters (blue color-coded) 
with a wet milling process. ZR is machined by the diamond-coated carbide cutters (yellow 
color-coded) with a dry milling process. As for TR and PEEK, they would need to be milled 
by selecting “Miscellaneous” as the manufacturer, followed by selecting one of the 
material classes. For PEEK, the material class “PEEK” was selected. This material class 
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is programmed within the CAM software to be wet milled by the PMMA carbide cutters 
(red color-coded) that are intended for PMMA, wax, and PEEK materials. For TR, 
however, there is no “fiber-reinforced resin” material class. Thus, prior to the main 
experiments of the study, the appropriate material class and tool selection for TR was 
determined by conducting a brief pilot test. 
Merlon geometries of 0.1 mm thickness were used as the test specimens (refer to 
section 2.4.1 for details on the merlon fracture test standard) to try different material class 
/ tool combinations for TR machining. Considering TR is a fiber-reinforced composite, the 
closest available material class for “Miscellaneous” manufacturing in the inLab MC X5 
system was found to be the “Composite” class. Five test specimens were wet milled on 
the same TR disk (TRINIA™ Natural CAD/CAM Disk, 98 x 25 mm, Trinia) using new 
inLab MC X5 Composite burs (blue color-coded) and selecting the “Composite” material 
class. 
During machining under these conditions, the process was stopped frequently due 
to the following error as stated by the CAM software: “The spindle reported an error.” The 
MC X5 operating manual suggests that the reason for this error is due to an excessive 
load detected by the spindle motor which may be due to the tools being heavily worn out 
and needing replacement. (20) Considering that new tools had been used, it was 
concluded that the tools used did not exhibit the necessary abrasiveness to efficiently cut 
TR. As a result, excessive pressure may have been detected by the spindle sensor. 
During the machining, the 0.5 burs were frequently breaking and had to be replaced twice 
for the machining of 5 test specimens with these parameters. The specimens during 




was suspected of being incompletely milled and the dimensions of the suspect specimen 
were appropriately verified before including in any test or analysis. Considering the 
number of errors, tool fractures, and instances of inaccurate or incomplete machining of 
specimens, the “Composite” material class and tool combination was deemed 
inappropriate for machining TR for the purposes of this study.  
 
Figure 6. Topography map of merlon wall using Keyence Digital Profilometer. 
In an effort to find a more appropriate material class/tool combination, a search of 
the manufacturer website was done. Brief CAD/CAM recommendations were listed on 
the website stating the need for nano-diamond burs for successful milling (21). Due to the 
inability to use diamond grinders (white color-coded) with unlisted materials such as TR 
for the reasons explained in paragraph 3 of section 2.2, the only suitable option would be 
the diamond-coated carbide cutters (yellow color-coded) normally used for the “Zirconia” 




A: 2.5 bur grey/yellow/blue; B: 1.0 bur grey/yellow/blue; C: 0.5 bur grey/yellow/blue. 
 
Among the other carbide cutters, the yellow color-coded burs most closely 
resembled the grey color-coded burs meant for the “Sintering Metal” material class 
(Figure 7). Thus, the tool path programmed for the “Sintering Metal” material class may 
be more favorable to the yellow-coded burs than that of the “Composite” material class. 
A final group of 5 specimens was milled by selecting “Sintering metal” as the material 
class, with an enlargement coefficient of 1 in all axes, while using the yellow color-coded 
burs. This allowed the use of diamond-coated tooling combined with a wet milling 
process. The result of this final batch showed no interruptions in the milling process and 
complete milling evidenced by the proper sprue shaping. No tools fractured. This material 
class/tool combination was then applied for the manufacturing of all TR specimens in this 
study. 
2.3 Characterization of Restorative & Adhesive Materials 
Fourier transformed infrared (FT-IR) spectra of materials TR and PEEK in thin, flat, 
untreated sections were collected on a diamond attenuated total reflection (ATR) 
accessory attached to Nicolet Avatar 380 Fourier transform infrared spectrometer 
(Thermo Fisher Scientific Co., Waltham, MA).  Spectra were recorded in the range of 
4000 - 400 cm-1 with a resolution of 4 cm-1 and an integral of 128 scans. 
A field-emission scanning electron microscope (FE-SEM) (SU6600 Analytical VP 
FE-SEM, Hitachi, Ltd., Tokyo, Japan) was used to capture images of untreated, uncoated 
samples of TR, PEEK, and COM materials. Element-specific spectra from various sites 
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on these samples were obtained using energy-dispersive X-ray spectroscopy (EDS). The 
dual-cure adhesive resin cement used for bonding specimens in this study (RelyX™ 
Ultimate, 3M ESPE, USA) was also analyzed with this method. Sample material was auto-
mixed using the manufacturer’s mixing tips and injected form the syringe directly onto a 
sample holder and allowed to full polymerize prior to imaging and EDS analysis. 
To examine the fiber orientation of the glass fibers in TR material, FE-SEM images 
were taken in various directions relative to the surfaces of the dental disk. A cube-shaped 
specimen was sectioned from the periphery of TR CAD/CAM disk. The cube faces were 
correlated with three different viewing directions: basal, tangential, and radial.  
 
 
Figure 8. Cube sectioned out of TR Disk. 
 
Figure 9. Viewing directions of TR cube specimen. 




2.4 Phase 1: Machinability 
The merlon fracture test was used to compare the machinability of the two high-
strength polymers selected as framework materials for this study – PEEK and TR. As 
described in ISO/DIS 18675, the merlon test involves geometries with a round hollow part 
and four merlons or walls that vary in thickness (Figure 10). Standard Tessellation 
Language (STL) files of the merlon design have been created for all 0.05 mm thickness 
increments between 0.1 mm and 0.5 mm. The ISO standard suggests the machining of 
3 specimens total for each material, thickness, and/or machining process (machine, 
parameters, tools, etc.) being tested. With 4 walls per specimen, the resulting sample size 
per group would be 12 walls. After machining, the merlon walls of the specimens are 
visually inspected. Any walls with at least two-thirds of their edge intact after machining 
are considered successful (Figure 11). The bottom, which corresponds to the occlusal 
surface of a crown, is also inspected visually. Any hole that is visible to the naked eye 
would deem the bottom fractured. The number of intact walls and bottoms per group can 
be used as an estimate of the machinability.  The minimum machined thickness (MMT) 
was defined as the minimum thickness that an intact part may be machined from a given 
blank of material. In other words, for any material-process combination, the MMT is 
identified by the smallest wall-thickness group that produced 100% intact merlons (22).  
 
Figure 10. Images of 3D merlon geometry. 







Figure 12. Example of merlon samples arranged in disk after milling. 
 
After milling, specimens were assigned specimen IDs to identify material-thickness 
group and the disk that they were milled from. These IDs were labelled on the merlon 
bottoms with a permanent marker. All sprues were cut with carbide burs by a lab motor 
handpiece (see Section 2.1 for details on equipment and tools) to separate merlon 
specimens from disks. Specimens were ultrasonicated in an ultrasonic bath (Quantrex® 
140, L&R® Ultrasonics, Kearny, NJ) in distilled water for 3 minutes and then dried with 
oil-free compressed air. Loose debris was removed from the specimens in this method 




2.4.1 Merlon Fracture Test 
The main measured machinability outcomes in the first portion of Phase 1 were 
based on the merlon fracture test ISO parameters: 
• Fractured bottoms 
• Fractured walls 
• Minimum machined thickness (MMT) 
• Milling success percentage 
The counting of fractured bottoms and walls was done without a visual aid such as 
a microscope, as indicated by the ISO. The criterion for fractured bottoms was easy to 
discern, as it is an absolute condition of presence or absence of any visible hole in the 
merlon bottom. However, the criterion for fractured walls is a threshold outcome that is 
difficult to standardize without the use of any tools. Determining whether a fractured wall 
is more or less than 2/3 the total edge of the merlon wall is not reliable if done purely by 
eye for two reasons: 
1. Estimating thirds without a measuring tool is unreliable 
2. If part of the merlon wall has fractured, there is no longer a reference to 
know the total merlon edge length 
For the reasons mentioned above, a simple protocol was developed to better 
determine the intact edge length and its proportion to total edge length. First, the original 
merlon geometry from the source STL file was analyzed to determine a reference value 
for the total merlon edge length. Incidentally, this value was not mentioned in the ISO. As 
seen in Figure 11, the determination of wall fracture is made from a lateral flat view with 




merlon walls was used as a measure of milling success within each material-thickness 
group. 
 
Figure 15. Intact portion of top edge of merlon wall measured with a digital 
caliper. 
 
2.4.2 Fracture Behavior 
To further expand on the outcomes outlined by the merlon fracture test ISO, more 
data was gathered on the merlon specimens to better describe and quantify the fracture 
behavior of PEEK and TR in response to the machining process. Both optical and 
scanning electron microscopy were used for data collection. 
The first 4 merlon specimens (by tool mill sequence) from the 0.1 mm, 0.3 mm, 
and 0.5 mm groups of E and TR (6 of the 10 material-thickness groups from the first 
portion of Phase 1) were selected for imaging. Each group had a sample size of 16 merlon 





Figure 16. VHX Digital Microscope VHX-6000 
Keyence Corporation of America, USA 
 
 
Figure 17. Positioning jig to standardize microscopy of merlon walls. 
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Lateral view images at low magnification were then used for assessing fracture 
behavior of partially and completely fractured merlon walls, including walls that would be 
considered intact according to the merlon fracture test ISO.  
The following fracture behavior outcomes were collected: 
• Fracture length percentage (FLP) 
• Fracture height percentage (FHP) 
• Fracture position (F-P) 
• Fracture direction (F-D) 
A sequence of measurements was applied to each merlon wall (Figure 18), 
focusing on the largest fractured portion of the wall, termed the major fracture. Almost all 
partially fractured merlon walls demonstrated a fractured portion at each of the top left 
and right corners of the wall, and occasionally additional fractures or chips along the 
length of the edge. The major fracture was identified as the longest fractured portion when 
measured along the top edge. To measure the length of the major fracture, a line was 
extended along the intact vertical portion of the merlon wall and perpendicular to the 
merlon base – drawn as a line connecting the valleys on either side of the merlon wall. 
Another line was extended along the intact horizontal portion of the merlon edge until both 
lines intersected. The fracture length was the distance between the intersection and the 
closest corner of the intact edge. Fully fractured merlon walls did not have any intact edge 
and accordingly, the major fracture encompassed the whole edge. The proportion of the 
fracture length to the total edge length was calculated as a percentage and referred to as 
the fracture length percentage (FLP). The measurement for total edge length was taken 




Figure 18. Measurements made on digital microscope images of side view. 
MF: major fracture; FL: fracture length; FH: fracture height 
 
Fracture height was determined by subtracting the intact wall height from the total 
wall height. The intact wall height was found by measuring the perpendicular distance 
from the lowest point of the major fracture to the merlon base (Figure 18). The 
measurement of 4.5 mm for total wall height was shown in a diagram from the merlon 
fracture test ISO (Figure 19). (22) This dimension was also verified by referring to the STL 
file. The proportion of the fracture height to the total wall height was calculated as a 





Figure 20. Qualitative assessment of fracture pattern. 
MF: major fracture; F-P: fracture position; F-D: fracture direction 
2.4.3 Marginal Chipping Factor 
For the final portion of Phase 1, 5 merlon specimens from the 0.5 mm thickness 
PEEK and TR groups were imaged using the digital microscope under low magnification 
from a top view of the merlon edges. The resulting sample for this portion of Phase 1 was 
20 merlon walls per material-thickness group, for a total of 40 samples. Microscope 
images were then imported into an image analysis software (ImageJ, U. S. National 
Institutes of Health) to measure the length of marginal defects (L) along the outer 
periphery of intact merlon edges as well as the total outer perimeter length (P) of the 





2.4.4 Characterization of Machining Damage (FE-SEM) 
A field-emission scanning electron microscope (FE-SEM) (SU6600 Analytical VP 
FE-SEM, Hitachi, Ltd., Chiyoda, Tokyo, Japan) was used to examine various surfaces of 
0.3 mm and 0.5 mm merlon samples from the PEEK and TR specimens studied in Phase 
1. 
The specimens were ultrasonicated (Quantrex® 140, L&R® Ultrasonics, Kearny, 
NJ) for 3 minutes with 70% isopropanol solution and allowed to dry. The specimens were 
then attached with double-sided electroconductive tape to an aluminum stub (Ted Pella, 
Inc.). Gold/palladium sputter-coating of the specimens was done in order to increase the 
electrical conductivity of the specimens for proper imaging (Hummer II Sputtering System, 
Technics, Alexandria, Virginia). The specimens were then observed with the FESEM 







on the L*W face. When arranged in the disk for milling, the bars were oriented such that 
the T*L face was along the milling axis of the milling machine and facing the flat surface 
of the CAD/CAM disk. Bars were stacked in the disk to maximize material usage. Three 
sprues were placed on each L*W face and one sprue on each T*W face (Figure 24).  
 
Figure 24. Bars arranged in a ZR Disk after milling. 
After milling, all bars were assigned unique IDs to identify the material, mill 
sequence, and the disk and tools they were milled with. After labelling with a permanent 
marker, bars were separated from the disk by cutting the sprues with a lab motor and 
carbide bur, while staying away from the bar surface. Remainders of sprues were then 
carefully trimmed after the bars had been separated from the disk and from each other. 
Only the ZR material required sintering. Prior to sintering, the bars were smoothed with a 
fine diamond disk of 15 microns at a low speed on a grinder-polisher machine (Ecomet 
250 / AutoMet 250, Buehler Ltd., USA) to flatten the L*W surfaces and clear away any 
sprue artifacts.  
The ZR bars were then placed in a convection oven (3511FSQ Gravity Convection 





Both surfaces of all specimens were smoothed with a grinder-polisher machine 
(Ecomet 250 / AutoMet 250, Buehler Ltd., USA) down to 15 microns with a series of 
diamond grinding disks. Each specimen had a designated bonding surface and a loading 
surface (Figure 26). The loading surfaces of all specimens were then finished using 1 
micrometer alumina suspension (PSI Inc., Houston, TX, USA). Cloth wheels and diamond 
paste used for mirror-polishing of COM and ZR bars on the loading surface. Cloth wheels 
and aluminum oxide paste used for polishing of PEEK and TR bars on the loading surface 
(Figure 27). After polishing, L, W, and T dimensions of all bars were measured with a 
digital caliper (Absolute Digimatic Caliper, Mitutoyo Corp., Japan) and recorded. 
Summary statistics of dimensions of bar specimens are shown in Table 15. 
 






A cementation jig for bilayer bars was prepared. A double-thickness bar (3.3 x 20 
x 40 mm) was milled out of a PMMA CAD/CAM Disk (Multilayer PMMA Disc, Dentsply 
Sirona). This bar was used as a reference to prepare a 2-piece mold out of silicone putty 
(Affinis putty soft/fast, Coltene) with positioning notches and windows to verify positioning 
and clean excess cement (Figure 28). A round access hole was created through the top 
compartment to allow for a load-bearing pin to directly contact the top of the bar being 
cemented without disrupting the jig’s positioning. 
 
Figure 28. Cementation jig fabricated based on a double-thickness PMMA bar. 
The same materials (Figure 29) and bonding protocol (Figure 30) were used for all 
groups, based on the results of a previous bilayer study involving adhesion to PEEK (27) 
and commonalities in manufacturers’ instructions for all the materials being bonded. 
Specimen pairs were randomized electronically to develop a bonding sequence in 
random batches with equal distribution of different groups in each batch.  
Bonding surfaces of the bar specimens were airborne-particle-abraded using a 
sandblasting unit (Basic Quattro IS, Renfert, Germany) with 50 μm Al2O3 at a pressure of 
2.5 bar and distance of 10 mm for 12 seconds perpendicular to the treated surface. The 
specimens were placed in an ultrasonic bath (Quantrex® 140, L&R® Ultrasonics, Kearny, 





the framework bar and veneer bar and painted with a brush, keeping a thin uniform layer. 
The mold compartments of the jig were then secured to each other, aligning the bars’ 
bonding surfaces. The jig now containing both bars was positioned in a loading apparatus 
with various adjustable pins that can be loaded with static loads. While the cement was 
still fluid, the loading pin was pushed through the access hole to contact the polished 
surface of the veneer bar and with gentle finger pressure, ensuring the close adaptation 
of the two bars. At this time, proper position of bar edges could be confirmed to be flush 
with each either through the jig windows and adjusted if necessary. Once verified, a 2 
second flash cure was done using a LED light cure unit (SmartLite Focus, Dentsply 
DeTrey GmbH, Germany) through each of the 4 side windows of the jig, while gentle 
pressure was maintained through the pin over the bars to keep them stable. The top mold 
compartment of the jig was removed, and excess partially cured cement was carefully 
removed from the four sides of the bilayer. The top compartment of the jig was placed 
back, the pin was placed through the access hole, and it was loaded with a 30N (3kg) 
weight to maintain constant pressure on the bars while full curing took place. A full cure 
of 20 seconds was applied per surface, followed by six minutes of static loading time for 
full setting of the adhesive cement before removing the bilayer bonded bars from the jig. 
After cementation, bonded specimens were wrapped in paper towels and 
immersed in a sealed water container. Specimens were incubated in 37°C for 24 hours 
(Precision Economy Incubator, Precision Scientific, USA) to allow for a more complete 
polymerization of the resin cement before mechanical testing. 
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2.5.2 Mechanical Testing: Three-Point Bending Test 
Mechanical testing was done with a computer-controlled universal testing machine 
(Instron Model 5566A, Instron, Norwood, MA, USA). Bilayer specimens were subjected 
to a 3-point bending test on a fully articulated fixture (Fully Articulated Flex Fixture, 
Material Testing Technology, Wheeling, IL, USA) with a span length of 30.0 mm and a 
crosshead speed of 1.0 mm/min. Bilayer specimens were placed such that the framework 
bar was facing downwards on the tension side, and the veneer bar was facing upwards 
on the compression side (Figure 31). 
 
Figure 31. Bilayer bar placed on a 3-point fully articulated fixture. 
All specimens were loaded until failure. Maximum load values were reported in 
newtons (N) and used to calculate biaxial flexural strength according to the following 
bilayer equation (28): 

















𝜎𝑓 is the maximum center tensile stress (MPa). 
L is the distance between centers of support rollers (mm). 
P is the load at fracture (N). 
𝐸𝑡 is Young’s modulus of the material under tensile stress (GPa). 
𝑡𝑡 is the thickness of the material under tensile stress (mm). 
𝐸𝑐 is Young’s modulus of the material under compressive stress (GPa). 
𝑡𝑐 is the thickness of the material under compressive stress (mm). 
w is the width of the bilayer bar specimen (mm). 
The failure pattern of the tested bilayers was assessed, including fracture and 
delamination of different parts of the bilayer and a system to classify different failure 
configurations was developed (Table 16). Failure mode of specimens that exhibited 
delamination was also collected from high-resolution digital photographs taken with a 
digital camera system (Nikon D7500 with macro lens and twin bracket flash). Failure 
mode was categorized as adhesion failure, cohesion failure, or mixed adhesion-cohesion 
failure (Figure 32), adapted from a standard for shear bond strength testing (29). FE-SEM 
imaging of select samples was done for a descriptive and fractographic analysis of 




2.5.3 Fractographic Analysis (FE-SEM) 
A field-emission scanning electron microscope (FE-SEM) (SU6600 Analytical VP 
FE-SEM, Hitachi, Ltd., Chiyoda, Tokyo, Japan) was used to examine fractured and 
delaminated surfaces of selected samples from each group. The specimens were 
attached with double-sided electroconductive tape to an aluminum stub (Ted Pella, Inc.). 
Gold/palladium sputter-coating of the specimens was done to increase the electrical 
conductivity of the specimens for proper imaging (Hummer II Sputtering System, 
Technics, Alexandria, Virginia). The specimens were then observed with the FE-SEM 
under variable magnification up to 2000x. EDS analysis was utilized to differentiate 
different layers of materials by comparing them to the baseline element composition 
obtained from untreated, uncoated samples of PEEK, TR, COM, and the resin cement 




2.6 Phase 3: Bilayer Fixed Prostheses 
The third and final phase of the study was intended as a proof-of-concept 
mechanical evaluation of a full-arch implant-supported fixed prosthesis made of a high-
strength polymer framework and veneered with full-contour all-ceramic or composite 
crowns. TR was selected as the sole framework material for this phase. The all-ceramic 
veneer material selected was ZR, and the composite veneer material was COM, as in the 
previous phase. The focus was on the veneering material as the main variable to better 
understand the effect of veneer material’s elastic modulus on the performance of the 
bilayer structure. 10 full-arch implant-supported fixed frameworks were divided into two 
groups, a composite-veneered group, TC, and a zirconia-veneered group, TZ. The groups 
are named such that T stands for the framework material TR (Trinia™, Trinia, USA), and 
C / Z stand for the veneer materials COM (Shofu Disk HC, Shofu, Inc, Japan) and ZR 
(Cercon® ht, Dentsply Sirona, Germany). 
The frameworks were anatomically designed with 12 tooth-preparation shaped 
surfaces to hold full-coverage crown veneers from first molar to first molar, and gingival 
cutback to allow for the application of pink-colored veneering of artificial gingiva. For the 
purposes of this study, which is purely mechanical, only the tested segments of the 
prostheses were designed to full contour, which was the canine to first molar segments 
on both sides. Cyclic loading was performed on tooth #3, 5, 12, 14 of all specimens, 
followed by loading until failure at the same positions (Figure 33). Detailed experiment 





Figure 34. Digital models obtained of a clinical case of an edentulous patient. 
A: 3D model of edentulous maxilla; B: 3D denture design; C: Model alignment 
Using a third-party CAD software (Meshmixer, Autodesk, Inc.), the edentulous 
model was modified with strength in mind by filling in all unneeded anatomical concavities 
such as the palate and buccal vestibule. The thickness of the model base was then 
reduced to fit a CAD/CAM disk of a diameter of 98.5 mm and a thickness of 14 mm. The 
denture design was converted to a full contour digital wax up by removing all flanges, 
palatal coverage, and second molars, then adapting the gingival contours to the maxillary 
edentulous ridge of the maxillary model. Two STL files were produced: the modified 
edentulous maxillary model and a full contour wax up model (Figure 35).  
 
Figure 35. Edentulous model and denture modified for the purposes of this study. 
A: Modified STL of edentulous maxilla; B: STL of full-contour digital wax up (occlusal 
view); C: STL of full-contour digital wax up (lateral view) 
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The modified edentulous model STL was imported into the CAM software (inLab 
CAM SW 20.0.1, Dentsply Sirona, Germany) and milled using the COM material (Shofu 
Disk HC, Shofu, Inc., Japan). The milled maxillary model was separated from the disk, 
smoothed in the sprue area, then embedded within an epoxy resin base formed in a 
plastic petri dish. The resulting cast consisted of a highly filled model embedded in a 
poorly filled mold, providing radiographic contrast. This model served as a radiographic 
model to plan the implant positions desired for fabricating full arch fixed implant-supported 
prosthesis specimens. The radiographic model was scanned with a cone beam computed 
tomography (CBCT) scanner (iCAT Next Generation Dental Imaging System, Imaging 
Sciences International, USA). (Figure 36) 
 
Figure 36. Fabrication and imaging of a radiographic model. 
A: Edentulous model milled out of COM material; B: milled model embedded in epoxy 
resin base; C: CBCT imaging of radiographic model. 
The DICOM file was imported into a digital implant planning suite (DTX Studio™ 
Implant, Nobel Biocare, USA). The STL file of the radiographic model was used as the 
dental scan and was merged to the CBCT via the software’s SmartFusion™ feature. The 
full-contour wax-up file was then merged to the dental scan and used as a reference for 
implant planning (Figure 37). Four tapered bone-level titanium implants (NobelReplace® 
Conical Connection RP, Nobel Biocare, USA) were planned at the sites of #4, 7, 10, 13 
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simulating all-on-four treatment. 4.3 x 10 mm implants were planned for #7 and #10. 5.0 
x 13 mm implants were planned for #4 and #13. The implants were planned as parallel 
as possible without compromising the thickness of material around the implants (Figure 
38). Angled implants were avoided to simplify the restorative protocol of the study. A 3D-
printed surgical template (NobelGuide®, Nobel Biocare, USA) was ordered based on the 
implant plan. (Figure 39) 
 
Figure 37. SmartFusion™ of edentulous model and wax-up model to CBCT. 





Figure 38. Different views of planned implants. 
 
 




The STL file of the edentulous maxillary model was modified once again, 
increasing the base height to fit a disk of dimensions 98.5 x 18 mm. This modified file was 
milled from a polymethyl methacrylate (PMMA) CAD/CAM disk (Multilayer PMMA Disc, 
Dentsply Sirona, Germany). The milled model was separated from the disk and the sprue 
areas were smoothed. The fitting of the surgical guide to this new model was verified. 
Stepwise drilling protocol using an implant motor (OsseoSet 300, Nobel Biocare, USA) 
and the appropriate implant drills (Nobel Replace CC Guided Pureset, Nobel Biocare, 
USA) for the guided implant placement procedure according to the manufacturer’s 
instructions. (30) Implants were placed into the prepared sites as planned. Once the 
implants were placed, this PMMA implant model served as the restorative model. (Figure 
40) 
 
Figure 40. Placement of implants into restorative model.  
A: milled PMMA edentulous model; B: surgical guide try-in; C: osteotomy preparation 
using guided implant drills; D: guided implant placement in restorative model. 
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Stock titanium base abutments (NB A TiBase, Dentsply Sirona) were inserted on 
the implants of the restorative model. Scanning preparation spray (CEREC® Optispray, 
Dentsply Sirona, Germany) was applied over the TiBases and a laboratory scanner 
(inEOS x5, Dentsply Sirona, Germany) was used to scan the restorative model containing 
4 implants and 4 TiBases (Figure 41). The wax-up STL file was merged with this 
abutment-level scan to be used as a “Biocopy” reference for restoration design. A full 
contour prosthesis was designed extending from first molar to first molar. Full cutback 
was digitally applied to the facial, occlusal, and lingual surfaces. 3 mm diameter screw 
access channels were incorporated at the implant sites to allow easy conversion into a 
screw-retained prosthesis (Figure 42). The design was milled as a prototype prosthesis 
in PMMA material (Multilayer PMMA Disc, Dentsply Sirona, Germany).  
 
Figure 41. Abutment-level scan of restorative model 





Figure 42. Designing the PMMA prototype framework. 
A: 3D abutment-level scan; B: merging the wax-up model; C: full cutback design; D: 
incorporating screw access channels; E: finalized design (occlusal view); F: finalized 
design (intaglio view) 
The milled prototype framework was inserted onto the TiBase abutments, verifying 
complete, passive seating. No cement was used to fix the PMMA prototype to the 
abutments at this time. Using a course diamond bur on a high-speed handpiece, the 
interproximal area between each cut-back tooth was opened buccolingually to resemble 
a crown preparation on a natural tooth. Any visible undercuts within the preparations were 
removed and the overall anatomical design was manually refined. The intaglio surface of 
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the prosthesis was manually adjusted such that there was a minimum clearance of 2 mm 
between the prosthesis and the residual ridge across the whole span. The shape of 
intaglio surface was also changed from a ridge lap concave design to a convex ovate 
design. The model was meant to simulate the surface of the maxillary bone rather than 
the full maxillary periodontium including soft tissue. The distance between the prosthesis 
and the ridge was meant to simulate the clinical distance to the alveolar bone and to give 
the prosthesis freedom to displace during testing. (Figure 43) 
 
Figure 43. Modified PMMA prototype with tooth-prep anatomical design. 
A: occlusal view; B: front view 
After all the modifications to the PMMA prototype framework were completed, the 
framework was placed on the TiBases without cement, sprayed with scanning spray, and 
scanned using the lab scanner. In the CAD software, the scan was used to produce a 
one-to-one copy design of the PMMA prototype on the abutment-level scan taken earlier. 
The modified framework design was exported to the CAD software and 10 TR frameworks 
were milled with the same parameters and tools used in Phase 1 and 2. The milled 
frameworks were labelled, separated from the disks, smoothed in the sprue areas, and 
tried in over the same TiBases on the restorative model. Minor adjustments were needed 
to achieve full seating. To perform adjustments, the framework was seated firmly over the 
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TiBases then removed and inspected in the intaglio of the framework at the abutment 
area. Areas that were binding with the TiBases would leave a dark metallic residue on the 
TR surface which provided a reference for adjustments. Care was taken not to remove 
the features on the intaglio of the TR framework that corresponded to the positional notch 
on the TiBases. These features were necessary for orienting the TiBases to the 
prostheses during the bonding step. 
 
Figure 44. Frameworks milled in TR material, copying modified PMMA prototype 
After full adjustment of the first prosthesis framework specimen, it was seated over 
the TiBases on the restorative model without cement, sprayed with scanning spray, and 
scanned with the lab scanner. The wax-up STL was once again used as a “Biocopy” for 
reference, and 4-unit splinted crown segments were designed for the left and right canine 
to first molar framework teeth (#3-4-5-6 and #11-12-13-14). 3 mm diameter screw access 
channels were placed at the implant sites (#4, 13). The design at the planned sites of 
loading (occlusal surfaces of #3, 5, 12, 14) was modified to incorporate the geometry of 
the loading component which consisted of a radial tip of 3 mm diameter. To do so, the 
veneer segment designs were exported as STL files and imported into a third-party CAD 






Figure 47. ZR veneer segments were sintered in programmable furnace. 
A: green state; B: after sintering 
All veneer segments were paired by number with their respective framework, and 
combinations were recorded and assigned group- and specimen-specific IDs. The veneer 
segments were tried on their respective frameworks, completing any minor adjustments 
necessary for full seating. Veneer segments were then polished using material-specific 
rubber polishing tips (Dialite Extra-Oral Polishing Tip Kit, Brasseler, USA) with a lab motor 
handpiece (Forza L50K Lab Motor, Basseler, USA). 
Four TiBases were set aside for each of the 10 TRINIA specimens, resulting in 40 
TiBases. TiBases are inherently designed with an engaging component that is closely 
adapted to the internal hex-shaped well of the implant. This is necessary for the stability 
of single-implant restorations but cannot be used with multiple-unit screw-retained 
restorations due to the non-parallel path of insertion. In order to be used for this study’s 
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full-arch prostheses, the engaging component was cut off all TiBases using a fiber-
reinforced cutting disk (Fiber Cut Disc 9588, Brasseler, USA) with a straight handpiece 
lab motor (Figure 48). Metal edges were smoothed with a metal finishing carbide bur. 
 
Figure 48. Engaging component of TiBase was removed for use with full arch 
prostheses. 
A: TiBase appearance as provided by manufacturer; B: cutting TiBase engaging 
component with a fiber-reinforced rotary disk; C: TiBase appearance after modification 
Bonding surfaces of the TiBases, the veneer segments, and the corresponding 
surfaces on the frameworks were airborne-particle-abraded using a sandblasting unit 
(Basic Quattro IS, Renfert, Germany) with 50 μm Al2O3 at a pressure of 2.5 bar and 
distance of 10 mm for 12 seconds perpendicular to the treated surface. The specimens 
were placed in an ultrasonic bath and cleaned with distilled water for 60 seconds and then 
dried with oil-free compressed air.  
TiBase and framework bonding surfaces were primed with a universal adhesive 
(3M Scotchbond™ Universal Adhesive). After 20 seconds, oil-free compressed air was 
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applied with gentle pressure to spread the adhesive agent. Adhesive resin cement 
(RelyX™ Ultimate, 3M ESPE) was injected onto the TiBase bonding surfaces and 
corresponding intaglio surfaces of the frameworks. TiBases were then placed into position 
within the frameworks, following the orientation of the positional notch to guide their 
proper placement. A 2-second flash cure was followed by cleaning of excess cement prior 
to applying the 20-second final cure. 
 
Figure 49. TiBases bonded to TR frameworks. 
A: TiBases cemented to frameworks; B: screw access cavities sealed with PTFE tape; 




Figure 50. Frameworks and veneer segments prepared for bonding procedure. 
After the cementation of all TiBases, the corresponding screws were placed into 
their abutments, and polytetrafluoroethylene (PTFE) tape was packed over the screw-
heads, filling the access chambers (Figure 49). Veneer segments and corresponding 
framework surfaces were then primed with a universal adhesive and adhered with resin 
cement in the same manner as described in the previous paragraph (Figure 51). All 
bonded prosthesis specimens, now with TiBase abutments and occlusal veneers, were 
wrapped in paper towels and immersed in a sealed water container. Specimens were 
incubated in 37°C for 24 hours (Precision Economy Incubator, Precision Scientific, USA) 




Figure 51. Protocol for bonding veneer segments to frameworks. 
A: bonding agent applied to framework; B: bonding agent applied to veneer; C: bonding 
agent air-dried with oil-free compressed air; D: auto-mix resin cement injected at 
bonding sites; E: 2-second flash cure of cement; F: excess cement peeled off veneer 
margins; G: cement fully cured for 20 seconds 
 
The packed PTFE tape was removed from all screw access chambers, and 
prostheses specimens were tried on the restorative model. The full seating of all 
specimens to the implant platforms was confirmed. Proper access of the implant driver to 
the screws was verified in the process, making adjustments where necessary. 
2.6.2 Mechanical Testing: Cyclic Load Test 
A separate implant model was prepared to serve as a “loading model” on which 
prosthesis specimens would be placed during mechanical load testing. To fabricate this 
duplicate model, the PMMA prototype framework prosthesis was used as a splint to 
transfer the implant positions. The prototype was first cemented with temporary cement 




Figure 52. Fabrication of a duplicate implant model made of clear epoxy resin.  
A: cold cure acrylic resin added around implants to increase restorative model thickness 
in those areas; B: wax pillars placed upright over screw access channels; C: duplication 
silicone material poured around model and prosthesis; D: after setting of silicone, wax 
pillars were removed and driver was placed through the resulting channels to unscrew 
the restorative model; E: intaglio view of duplication mold with indexed implant 
positions; F: new implants screwed into TiBases within the mold; G: epoxy resin poured 
into mold; H: duplicate epoxy resin cast with implants separated from the mold; I: 
prosthesis specimen successfully inserted on duplicate cast. 
Prior to creating a duplication mold, the restorative model was modified by 
thickening the material around the implant platforms where some threads are exposed. 
Cold cure acrylic resin (Super T Crown & Bridge Resin, Henry Schein, USA) was manually 
added with a brush to the desired areas where material is deficient around the implants. 
The PMMA prototype prosthesis was then screwed into the implants of the restorative 
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model. Pillars of wax (Boxing Wax Sticks, Kerr Dental, USA) were placed over the screw 
access channels of prosthesis, standing upright roughly along the implant long axis. A 
duplication mold was poured using addition-vulcanizing duplication silicone (Z-Dupe, 
Henry Schein, USA) around the restorative model and the prototype prosthesis, such that 
the wax pillars remained protruding out of the mold. After full setting of the mold material, 
wax pillars were removed exposing channels within the mold connected to the screw 
access channels of the prosthesis. A long laboratory hex driver was inserted into the 
channels to unscrew the restorative model from the mold. Four implants matching the 
same platform and size used in the restorative model were then fixed to the TiBase 
platforms within the mold. Epoxy resin (EpoxiCure 2, Buehler, Lake Bluff, IL, USA) was 
mixed and poured into the mold around the implants. After adequate setting time of 6 
hours, the laboratory hex driver was used to unscrew the epoxy resin cast from the mold. 
(Figure 52) 
The result was a clear epoxy resin duplicate model containing 4 implants in the 
same position as the restorative model. The base of this loading model was then 
smoothed on the grinder-polisher machine using a 15-micron diamond disk to ensure it 
was flat and remained stable during loading. The loading model was fixed to a flat 
stainless-steel platform by placing the model on the platform and injecting heated 
thermoplastic elastomer material around the base of the model, allowing it to cool down 
and solidify. 
A custom-made loading tup made of 17-4 precipitation hardening (PH) stainless 
steel (17% chromium, 4% nickel) was used for both cyclic loading and load to failure tests. 




between the tup and the occlusal surface (). New film was used for each loading test. The 
same positioning protocol was used for both the cyclic loading test and the load to failure 
test. 
 
Figure 54. Experiment setup for cyclic loading and load to failure tests. 
A: Instron collet chuck; B; 17-4PH stainless steel tup; C: PVC film; D: thermoplastic 
elastomer glue used to fix loading model to steel platform; E: vertical loading direction, 
perpendicular to occlusal plane. 
For each loading position, the prosthesis was loaded to 400N and back down to 
5N at a crosshead speed of 1.0 mm/min. The displacement value was then set to zero at 
the end of the first cycle. This was followed by 5 cycles of loading to 400N and unloading 
to 5N at a crosshead speed of 1.0 mm/min without any period of static loading. The 
sequence of loading for each prosthesis was alternated for each specimen (between #3, 
#14, #5, #12 or #14, #3, #12, #5). Cantilever positions were loaded first to avoid 
compromising other loading positions in case any premature failure occurred.  
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At the end of the cyclic loading test, any visible physical damage to the prosthesis 
was noted. The plot values of load (N), displacement (mm), and time (s) were exported 
from the testing software (Bluehill® Universal) and imported into Microsoft Excel (Version 
2106, MS Office 2016, Microsoft, USA). The values of interest were those of the 5 
successive loading cycles, which were divided into each cycle of 5 N - 400 N - 5 N. The 
damping capacity of the prostheses at each of the loading points was estimated by 
calculating the difference in strain energy during loading and unloading within each cycle. 
The strain energy represented the work done by the system in the loading direction during 
the loading phase (positive values) and against the loading direction during the unloading 
phase of one cycle (negative values). This was summarized as energy absorption per 
cycle and calculated with the following formula: 
 
𝑬 =  ∫ 𝑭𝒎𝒆𝒂𝒏 ×  𝒅𝒔
𝒕
𝟎
 Eq. 3 
Where: 
E is the total energy absorbed by the prosthesis in one cycle (mJ). 
t is the length of one cycle of loading to 400 N and unloading to 5 N (s). 
Fmean is the average load at each time increment (N). 
ds is the displacement of the specimen at each time increment (mm). 
 
Several other values were extrapolated from the cyclic loading data. Maximum 
displacement of the prosthesis during each cycle was given as the displacement of the 
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specimen at 400 N, which was the maximum load during any given cycle. Cycle time was 
given as the total time needed for the completion of a given cycle. The permanent 
deformation of the prosthesis was calculated as the difference between the prosthesis 
displacement value at the end of the current cycle (at 5 N) and the displacement at the 
end of the previous cycle (at 5 N).  
Of the five load-unload cycles, the purpose of the first cycle was as an adaptation 
phase of the loading component to the prosthesis. Means of the outcome values (energy 
absorption, maximum displacement, cycle time, and permanent deformation) were then 
calculated for the remaining four cycles for each of the loading positions of each 
prosthesis specimen. 
2.6.3 Mechanical Testing: Load to Failure 
Using the same loading setup of the 17-4PH stainless steel loading tup to the 
prosthesis specimens on the loading model, the prosthesis specimens were loaded until 
failure at the same loading positions. Loading sequence was alternated between #3, #14, 
#5, #12 and #14, #3, #12, #5 per prosthesis and specimens were loaded at a crosshead 
speed of 1.0 mm/min until the failure conditions of the universal testing machine were 
met. During loading, prostheses were carefully monitored for any fracture, chipping, or 
sliding events prior to failure. These events were correlated with the stress-strain curves 
produced during the loading tests. The events of main interest were the initial failure event 
and the final failure event. In some cases, these occurred simultaneously. The load at the 
initial failure was considered the failure load. The load at the final failure was considered 
the maximum load. Mean load values for each veneer group and for each loading position 





Chapter 3: RESULTS 
3.1 Characterization of Restorative & Adhesive Materials 
FT-IR spectra in the range of 4000 - 400 cm-1 were collected for PEEK (Figure 55) 
and TR (Figure 56) to verify the composition of the polymer used in these materials. The 
composition of PEEK was clearly identified by the manufacturer to contain mostly 
polyetheretherketone (PEEK), whereas the chemical composition of the resin used in TR 
was not provided by the manufacturer. 
 
Figure 55. Medium range FT-IR spectrum of PEEK material. 
 
Main peaks of the FT-IR spectra for PEEK were identified in the fingerprint region 





Figure 56. Medium range FT-IR spectrum of TR material. 
As for the TR material, the FT-IR spectrum was compared to various epoxy resins. 
It was found to match the spectrum of diglycidyl ether of bisphenol A (DGEBA) most 
closely, as reported in the literature (32). The main distinguishing feature to classify TR 
as an epoxy resin was the oxirane group. The band at 897 cm-1 was identified as 
stretching C-O of the oxirane group, and the band at 825 cm-1 as stretching C-O-C of the 
oxirane group. 2963 cm-1, 2924 cm-1, and 2870 cm-1 were identified as stretching C-H of 
C-H2 and C-H of both aromatic and aliphatic chains. For the aromatic rings, the bands at 
1605 cm-1 and 1505 cm-1 were associated with stretching of C=C and C-C respectively. 






presence of zirconium silicate, the primary inorganic filler reported by the manufacturer 
(Table 25). These results were primarily used to aid in fractographic analysis of Phase 2 
specimens after failure. 
 
Figure 59. SEM Images showing micro- and nano-filler particles in COM material. 






Figure 62. SEM images showing orientation of glass fibers in TR. 
A: basal view, 100x; B: basal view, 500x; C: tangential view, 100x; D: tangential view, 
500x; E: radial view, 100x; F: radial view, 500x 









































A mosaic plot of fracture pattern by group was used as another way to summarize 
the results (Figure 97). There was predominantly veneer fracture without framework 
fracture in groups TZB, TCB, and PCB. Fracture of both framework and veneer mainly 
occurred in the PZB group. Groups were statistically different (p value<.0001) according 
to Pearson’s chi square test. When the framework material was considered in this 
comparison, fracture of both framework and veneer mainly occurred while PEEK was 











Figure 99. Examples of bilayer specimens with different failure modes. 
A: PZB sample showing adhesive failure, with the cement layer adhering to the 
composite surface; B: TCB sample showing mixed adhesive-cohesive failure, with 
patches of cement and opposing material on both surfaces. 
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A mosaic plot of failure mode by group showed a rough correlation between group 
and failure mode (Figure 100). The “no delamination” bar in the plot was disregarded, 
focusing on delaminated specimens. Adhesive failure predominantly occurred in the PCB 
group. Mixed adhesive-cohesive failure occurred in both the TZB and TCB groups. 
Groups were statistically different in failure mode according to Pearson’s chi square test 









A mosaic plot of failure mode based on framework material showed more focused 
results (Figure 101).  Again, the focus was on the distribution of adhesive versus mixed 
failure according to the framework material. The mosaic plot demonstrated that adhesive 
failure occurred solely in specimens with a PEEK framework. Mixed adhesive-cohesive 
failure occurred solely in specimens with a TR framework. Framework materials, PEEK 
and TR, were statistically different in failure mode according to Pearson’s chi square test 
(p value <.0001). 
 
 




3.3.3 Fractographic Analysis (FE-SEM) 
Samples selected for SEM imaging were based on the failure pattern 
(fracture/delamination) trends per group as shown in Figure 96. One specimen of each of 
the PCB, PZB, and TCB groups and two specimens of the TZB group were selected. 
Elemental compositions shown in Section 3.1 were used as a reference in addition to 
physical features to distinguish the various materials at delamination interfaces. 
3.3.3.1 Group PCB (PEEK Framework/COM Veneer Bars) 
 
Figure 102. Low magnification SEM images of PCB sample with adhesive failure. 




Figure 103. 500x magnification SEM images of PCB sample with adhesive failure. 




Figure 104. EDS analysis of delaminated surfaces of PCB sample. 
A: PEEK surface showing elements consistent with PEEK; B: COM surface showing 
elements consistent with resin cement. 
 
Figure 105. Low- to high-magnification SEM images of fracture origin (arrows) in 










Figure 107. EDS color map of PZB sample showing key elements of layers. 
A: EDS source image with PEEK, cement, and Zr layers; B: Ti in PEEK layer; C: Sr in 















Figure 109. SEM images of TCB sample with mixed failure on TR surface. 





Figure 110. SEM images of TCB sample with mixed failure on COM surface. 






Figure 112. EDS analysis of COM surface on TCB sample with mixed failure. 




3.3.3.4 Group TZB (TR Framework/ZR Veneer Bars) 
 
Figure 113. SEM images of TZB sample with mixed failure on TR surface. 




Figure 114. EDS analysis of zirconia microchip on TR surface of TZB sample with 
mixed failure. 





Figure 115. SEM images of crack line in ZR surface of TZB sample fractured 
without delamination. 




Figure 116. SEM images showing side view of crack line in ZR surface of TZB 
sample fractured without delamination. 




3.4 Phase 3: Bilayer Fixed Prostheses 
3.4.1 Cyclic Load Test 
In the first part of Phase 3, data was collected during 5 cycles of loading and 
unloading of the veneered polymer-framework prosthesis to a maximum load of 400N 
and minimum load of 5N. Coordinates of the load and unload slopes in each cycle were 
used to calculate the difference in strain energy that occurred due to elastic hysteresis of 
the prosthesis (Figure 118). This was considered as energy absorption. Mean energy 
absorbed over the second through fifth cycle was extrapolated for each tooth loading 
position. Another outcome recorded from the cyclic loading test for each tooth position 
was the average maximum displacement at the cycle peaks (400 N), and permanent 
deformation. Average absorbed energy and average displacement were summarized per 
group, per tooth position (Table 62). 
 
Figure 118. Load-unload cycle presents as a hysteresis loop. 
A larger area between load and unload slopes was found in cantilever positions (A) 
compared to bounded positions (B). 





The effects of veneer type (COM, ZR), support type (bounded, cantilever), and 
loading position (teeth #3, 5, 12, 14) on displacement and energy absorption were studied 
with multivariate regression modeling, shown in the following pages. Veneer thickness 
and framework thickness at various locations were used to conduct the same effect 
analysis as loading position (tooth), but with quantitative variables, to try to explain the 
correlation of the loaded tooth to the outcomes studied. 
Veneer, support type, tooth, and framework/veneer thickness had statistically 
significant effects on maximum displacement. COM veneer and cantilever support 
showed greater displacement than ZR veneer and bounded support respectively (p value 
<.0001). As for energy absorption, only veneer and tooth had statistically significant 
effects (Veneer: p value <.0001, Tooth: p value = 0.001), and the regression models 
showed a weaker fit than those of displacement. COM veneer showed greater energy 
absorption than ZR veneer. Tooth #3 showed the greatest energy absorption (p value 
<.0001). Framework and veneer thickness were included to try to explain the difference 
between tooth #3 and #14, but there was no significant correlation. This suggests the 
presence of other unidentified factors related to the damping effect that varied per tooth 
The average permanent deformation of the prosthesis was calculated from 
permanent deformation values measured after each load-unload cycle. There was only a 
significant effect of veneer type on the permanent deformation, with COM showing higher 
values than ZR (p value = 0.004). A bivariate regression fit of permanent deformation to 
displacement and permanent deformation to energy absorption showed that there was 


















3.4.2 Load to Failure Test 
All prostheses were first loaded to failure at the cantilever areas (#3, #14) and then 
at the bounded areas (#5, #12). The load at the initial fracture and subsequent events at 
each site was recorded. The failure load was defined as the load value in Newtons at the 
first sudden drop in the stress-strain curve due to any crack or fracture. The maximum 
load was the highest recorded load value in Newtons. In the case of bounded loading 
sites, the failure load and the maximum load often coincided. In the case of cantilever 
loading sites however, the first failure to occur was a crack in the veneer away from the 
loading point, while the veneer integrity directly at the loading site remained intact. The 




Figure 135. Load-displacement curves of load to failure tests in cantilever and 
bounded sites of ZR-veneered prosthesis specimen. 
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The specimen frameworks and the loading model were inspected after every 
loading test and assessed for damage (Figure 136). There was no damage to the loading 
model or the implants throughout testing. All specimens showed fractures in the veneer 
only. Only 1 TZ specimen showed visible permanent deformation and a craze line in the 
framework (Figure 137), while all others showed completely intact frameworks. All 
specimens showed mixed cohesive/adhesive delamination of the fractured parts (Figure 
138), consistent with bilayer bar results from Phase 2. 
 
Figure 136. Loading model, implants, and frameworks remained intact. 
 
 
Figure 137. TZ Specimen with visible deformation in framework. 










To explain the significant differences between the tooth loading positions, a 
multivariate regression analysis was done of the effect of veneer, support, framework 
thickness, veneer thickness, and interactions on failure load (Figure 146). The factors of 
support type and material thickness serve to differentiate the prosthesis attributes at 
different tooth positions. The regression model showed a statistically significant effect of 
all the above factors on failure load (p value <0.001). The fit of this model was identical 
to the previous one in both the R2 value (0.86) and the appearance of the actual by 
predicted plot. This suggests that the effect of different tooth loading positions on the 
failure load may be explained by these attributes (support type, veneer thickness, and 
framework thickness). Bounded support loading positions demonstrated higher failure 
load compared to cantilever support positions. Failure load was proportional to both 
veneer thickness and framework thickness, demonstrated by a positive slope line fit in 







Figure 149. Leverage Plot, Failure Load (N) by framework thickness (mm). 
 
 








As was done with failure load, a multivariate regression analysis was done of the 
effect of veneer, support, framework thickness, veneer thickness, and interactions on 
maximum load (Figure 154). The factors of support type and material thickness serve to 
differentiate the prosthesis attributes at different tooth positions. The fit of this model was 
identical to the previous one in both the R2 value (0.69) and the appearance of the actual 
by predicted plot, suggesting again that the effect of different tooth loading positions on 
the maximum load may be explained by these attributes (support type, veneer thickness, 
and framework thickness). In this model, the only statistically significant factors affecting 
maximum load were Veneer, Support*Veneer, and Veneer*Veneer Thickness. This 
model showed which attributes of the different loading positions affected maximum load, 





Chapter 4: DISCUSSION 
This study concerned itself with the application of high-strength polymers in dental 
implant prosthetics, especially due to the viscoelastic properties of polymers that have 
been shown to contribute to damping and shock absorption. The two polymers of interest 
were CAD/CAM materials produced with subtractive manufacturing – a 
polyetheretherketone (JUVORA™ Dental Disk, Juvora Ltd, Lancashire, UK) (PEEK) and 
a fiber-reinforced resin (TRINIA™ CAD/CAM Disk, Trinia, Boston, MA, USA) (TR). The 
comprehensive evaluation of these two materials’ performance as framework materials 
involved material characterization, machinability, and mechanical loading. Two veneer 
materials were studied during mechanical testing – a composite resin (Shofu Disk HC, 
Shofu Inc, Kyoto, Japan) (COM) and a 3 mol% yttria-stabilized tetragonal zirconia 
polycrystal material (Cercon® ht, Dentsply Sirona, Bensheim, Germany) (ZR). 
Confirming the manufacturer’s description, PEEK is a mostly unfilled and 
unreinforced polymer as seen by EDS analysis. FTIR spectroscopy confirmed the 
material’s match the spectrum of PEEK reported in the literature (31). PEEK is a 
semicrystalline high-performance thermoplastic with a relatively low flexural modulus of 4 
GPa. The flexural modulus of PEEK has been shown to increase when reinforced with 
glass fiber or carbon fiber. The high-performance classification of PEEK signifies the 
stability of the material’s superior mechanical properties of strength and impact resistance 
at very high temperatures (18). This earned PEEK its place among engineering materials 
suitable for demanding domains such as aerospace engineering. Biomedical applications 
also require such material stability under diverse climate conditions occurring during 
transportation and thermal, radiation, and chemical sterilization of medical devices. This 
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applies to stable thermoplastic materials such as PEEK, polycarbonate (PC), 
polyphenylsulfon (PPSU), nylon, and polyoxymethylene (POM) (13). In the oral cavity, 
dental prosthetics can also be subjected to regular thermocycling, and resistance to 
temperature changes may prove valuable. Despite these high-performance properties, 
PEEK is still a thermoplastic polymer, and temperature-dependence is a key factor in 
material behavior (12). 
In TR, the chemical composition of the material was not specifically identified by 
the manufacturer except that it contained 50-60% by weight of glass fibers and 40-50% 
by weight of resin. The type of resin was not clarified for proprietary reasons. FTIR 
analysis shows that the resin matrix is most likely an epoxy resin with close resemblance 
to neat DGEBA. Epoxy resin is a thermoset polymer and exhibits good chemical and 
thermal stability. However, it is a glassy, brittle polymer and tends to be fiber-reinforced 
to overcome this limitation. EDS analysis shows that the resin matrix in TR is unfilled and 
is glass-fiber-reinforced. Fibers seem to be woven within unidirectionally arranged fiber 
sheets, which can be referred to as a laminate composite. This anisotropy provides 
improved mechanical properties depending on the direction of loading (17). To benefit the 
most from the orientation of fibers, restorations should be oriented such that the occlusal 
plane is perpendicular to the milling axis and parallel to the base of the disk.  
4.1 Machinability 
4.1.1 Merlon Fracture Test 
Minimum machined thickness according to merlon fracture test was found to be 
0.5 mm for both materials. Materials performance based on overall merlon success rate 
was similar statistically in all thicknesses except the 0.4 mm thickness. PEEK showed a 
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significantly higher success rate (p value = 0.009) based on Tukey-Kramer HSD. 
However, when materials were compared based on wall success rate, which 
automatically involved a larger sample size (n = 40 rather than n = 10), there was no 
statistically significant difference (p value = 0.259) between the two materials in all 
thicknesses as demonstrated by the regression model. This was shown by overall 
confidence interval values as well. Thus, according to the standard protocol of the merlon 
fracture test, there was no difference between the materials in minimum machined 
thickness or success rate.  
Considering this is a recently introduced standard, assessing the validity and 
translatability of the test is of interest. At this time, the author could not find any peer-
reviewed publications documenting the merlon fracture test as part of a machinability 
study. The success rate results obtained in the study were specific to thickness and did 
not provide a meaningful value to compare the machinability of the two studied materials 
other than the minimum machined thickness. A report adapted from a scientific thesis 
was published in the Whitepaper newsletter of a milling tools manufacturer (Hufschmied 
Zerspanungssysteme GmbH, Bobingen, Germany), and documented the use of the 
merlon test as a benchmark to compare the effect of different tools on the milling outcome 
of zirconia. Only one material was used in the study and the main variables were the 
geometry, coating, and tool life of the tools used for milling. The outcome was success 
rate of merlon walls based on the wall thickness, following the protocol outlined in the 
standard. Those success rates were then combined in a quadratic equation to calculate 
a cumulative success rate across all studied thicknesses. This cumulative success rate 




In the current study, there was no variation in the milling parameters or tools used 
within groups of the same material. Considering different tools and parameters were 
needed for each of the materials, it was hard to attribute the difference in milling 
performance to the materials alone. Instead, it raised the question of whether the milling 
parameters or tools could be improved. 
4.1.2 Fracture Behavior & Chipping Factor 
Since the merlon fracture test’s key criterion depends on a threshold value for 
assessing milling success, that means damage done to merlons with less than 1/3 of their 
wall fractured is dismissed. For this reason, the current study introduced several analyses 
that were carried out on merlon specimens to gather additional data on the machinability 
of the materials or processes in question. The fracture height percentage (FHP) and 
fracture length percentage (FLP) provided a quantitative assessment of the vertical and 
horizontal components of the fractured parts of merlon walls. The fracture position (F-P) 
and fracture direction (F-D) provided a qualitative assessment of fracture trajectory in 
each of the materials. Finally, the chipping factor (CF) assessed the marginal integrity in 
the intact portion of the merlon wall as a quality control. 
FLP, which measured the horizontal component of fracture in merlon walls, was 
inversely proportional to merlon success in both materials. This was unsurprising since 
merlon success was judged by the proportion of the edge length that was intact, as 
outlined by the standard. Generally, there was no difference in FLP between materials 
and only varied according to wall thickness, just like the trend with wall milling success. 
The 0.5 mm thickness groups were especially of interest to verify the validity of the merlon 
fracture test criteria for success. Both materials showed just a 5% FLP at 0.5 mm merlon 
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wall thickness. In other words, 95% of the length of the walls were intact in both materials 
on average. This agreed with the results of the merlon fracture test which concluded that 
0.5 mm was the minimum machined thickness. 
FHP, however, measured the vertical component of fracture and showed an 
interesting outcome. There was a strong thickness-dependent effect of material on the 
vertical dimension of the merlon wall fracture (p value <.0001). At 0.1 mm, there was no 
difference between TR and PEEK, but at 0.3 and 0.5 mm, PEEK outperformed TR with a 
significantly smaller FHP. There was no difference in FHP between TR at 0.3 mm and 0.1 
mm, so TR performed just as poorly at 0.3 mm as it did at 0.1 mm. At 0.5 mm, TR exhibited 
52.01% FHP compared to PEEK’s 21.01%. In this regard, both materials showed a 
concerning vertical length of fracture at the thickness which they were considered intact 
by the merlon fracture test. This was more severe in the TR material, showing narrow but 
vertically extending fractures at 0.5 mm. 
The fracture pattern, or trajectory, was analyzed in two components, the lowest 
point of fracture, deemed the fracture position (F-P), and the orientation of the fracture 
line, referred to as fracture direction (F-D). F-P showed a thickness-related trend for both 
materials, where the lowest point of fracture was mostly on the left side of the merlon wall 
at 0.1 mm and 0.3 mm but on the right side at 0.5 mm. In most specimens, it was noticed 
that there was a fracture on both sides of the merlon wall, but the FHP, FLP, F-P, and F-
D were only attributed to the larger fracture involving a greater length of the edge. Thus, 
the F-P gave a clear trend of which side of the merlon wall showed a larger fracture. In 
other words, at 0.1 mm and 0.3 mm, the merlon wall was fracturing to a greater extent in 
height on the left side, but at 0.5 mm this was happening on the right side. In addition, as 
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evidenced by the FHP and FLP, both PEEK and TR showed narrow and vertically 
extended fractures at 0.5 mm, which happened to occur on the right side, compared to 
the rather proportionally shaped fractures at 0.1 mm and 0.3 mm, which were occurring 
on the left side. This trend was independent of material and may be indicative of a 
phenomenon related to the machining process or tool path. 
The F-D, on the other hand showed a different distribution based on both thickness 
and material. In PEEK, the fracture line was oblique and directed to the same side as the 
F-P: to the left at 0.1 mm and 0.3 mm, and to the right at 0.5 mm. In TR, the fracture line 
was flat (“middle”) at 0.1 mm and 0.3 mm, evidenced by loss of the whole edge in most 
specimens. At 0.5 mm, the fracture line was oblique and facing the right side, same as 
the F-P. In both PEEK and TR, the right-facing fracture line in 0.5 mm specimens was 
much steeper than the left-facing fracture lines. This is consistent with the ratio of FHP to 
FLP as explained in the previous paragraph. 
The chipping factor (CF) of PEEK specimens was significantly higher than that of 
TR specimens (p value <.0001) by a factor of 8. The chipping factor, unlike all other 
measures discussed so far, was concerned with the intact portion of the merlon wall, and 
thus it could be considered a vital counterpart to the merlon fracture test. Clinically, the 
CF represents the marginal integrity of restorations produced by CAD/CAM machining. 
Presence of chipping at the margin could require discarding the restoration and producing 
a new one with over-bulked margins to allow for removal of material in the finishing 
process without creating an open margin. Thus, a high rate of chipping at a certain 
thickness could mean this thickness is not suitable for milling the material, which would 
contest the minimum machined thickness result of 0.5 mm for PEEK. 
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A machinability study comparing the effect of various machining parameters on the 
machining outcome of PEEK and glass-fiber-reinforced PEEK (GFR-PEEK) 
demonstrated that the fiber-reinforced material was more difficult to machine and showed 
more damage related to the process (33). The surface roughness (Ra) for both materials 
increased with the feed rate and decreased with the cutting velocity. Under the same 
cutting parameters, PEEK showed better surface quality than GFR-PEEK. For both 
materials, it was possible to get surface qualities and dimensional precision of a high level 
with the appropriate cutting parameters (33). In another study, the effect of machining 
parameters on three polymers, including PEEK and PMMA was studied (34). Under 
certain parameters, PEEK demonstrated very ductile response to milling. The authors 
explained that due to the temperature rise detected during milling of over 100°C 
depending on the selected parameters, PEEK exhibited a poor response to machining 
(34). In other words, ductility or brittleness during milling may depend on temperature, 
and may be improved with varied parameters.  
As for TR, a brittle response to milling was seen. Fracture height and fracture 
length was greater in TR than PEEK in all thicknesses. This brittle behavior is consistent 
with the fact that the resin matrix in TR is most likely an epoxy resin, which is a brittle 
thermoset polymer. The manufacturer of TR recommended a minimum thickness of 0.7 
mm which seems reasonable considering the outcomes seen at 0.5 mm. 
Both PEEK and TR manufacturers claim their respective materials are highly 
biocompatible. However, the machinability results, especially with concerns of 
polishability of the materials and the microscopic features seen, warrant the need for 
further biocompatibility studies. PEEK materials have had a long track record of use as 
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part of biomedical devices, which supports its use in the oral cavity. However, in the case 
of biomedical devices, they are produced with high precision in an industrial setting and 
not a small-scale laboratory setting as is the case with dental labs. In the dental context, 
there is limited in vitro evidence that biofilm formation on the surface of PEEK, high-
polished with silicon carbide, is equal or lower than that of conventional materials such as 




4.2 Bilayer Bar Mechanical Testing 
4.2.1 Failure Load & Flexural Strength 
Failure load values where significantly different based on type of framework and 
type of veneer. Bilayers with a TR framework withstood significantly higher loads at failure 
compared to bilayers with a PEEK framework in a three-point bending test. Bilayers with 
a ZR veneer withstood significantly higher loads at failure compared to bilayers with a 
COM veneer in a three-point bending test. All groups exhibited failure loads of at least 
1000 N in a three-point bending test. TR framework/ZR veneer bilayers had the greatest 
mean failure load (3457 N). PEEK framework/COM veneer bilayers had the least mean 
failure load (1052 N). There was no significant difference in failure load between TCB (TR 
framework/COM veneer bilayers) and PZB (PEEK framework/ZR veneer bilayers).  
Flexural strength value trends were not the same as failure load trend, specifically 
within same-framework groups, depending on the veneer material. In the case of flexural 
strength, ZR veneered bars showed significantly lower flexural strength than COM 
veneered bars as calculated by the bilayer equation. The reason behind this significant 
difference is due to the high modulus of elasticity of ZR compared to both framework 
materials. Since ZR was on the tension side, this high modulus value is inputted into the 
denominator of the equation leading to a lower tensile stress calculation. Borba et al. 
reported that the material under tension significantly impacted the flexural strength (28). 
4.2.2 Failure Pattern & Failure Mode 
Delamination predominated in 3 of the 4 groups. For this reason, flexural strength 
calculations may not be valid for those groups due to the lack of tensile failure of the 
framework. The only viable group for this calculation was PEEK-ZR group which showed 
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a mean flexural strength of 46.15 MPa, consistent with a previous study concerned with 
PEEK as a framework material tested for flexural strength with bilayer bar structures (27).  
Due to the varying failure configurations in bars, failure pattern was classified by 
extent of fracture and delamination. The failure pattern in three of the four groups was 
predominantly fracture of the veneer only with partial delamination. In the PZB group, 
fracture of both framework and veneer occurred without any delamination. Overall, 78.6% 
of bars that exhibited fracture in the veneer only exhibited partial or total delamination. 
This shows a correlation between the failure and delamination. None of the bilayers with 
TR framework exhibited framework fracture. The mismatch in elastic modulus between 
framework and veneer is leading to high stress concentration in the cement layer leading 
to early delamination. In the case of the PEEK/ZR group, it is possible that the ZR veneer 
material’s stiffness is transmitting a greater amount of stress that can reach the framework 
bar. If that is the case, that means TR outperformed PEEK in fracture resistance, and 
remained intact until delamination occurred. 
In delaminated specimens, bilayers with a TR framework exhibited mixed 
adhesive-cohesive failure on both layers, while bilayers with a PEEK framework exhibited 
purely adhesive failure on the PEEK-cement interface. Glass fibers can be seen attached 
to the veneering material that has delaminated. This is consistent with the high bond 
strength associated with silica within the glass fibers. PEEK on the other hand, has not 
been associated with high bond strength when compared to silica-containing materials 
(27). Shear bond strength and failure mode studies are necessary to evaluate the 




4.3 Bilayer Fixed Prostheses 
All full arch fixed implant supported prostheses (n = 10) were fabricated with a TR 
framework. 5 prostheses were veneered with COM, and 5 were veneered with ZR. These 
bilayer prostheses were loaded at 4 sites occlusally, tooth #3, #5, #12, and #14. Teeth #3 
and #14 were cantilever-supported by implants #4 and #13 respectively. Teeth #5 and 
#12 were each bounded by 2 implants. This resulted in a sample size of 20 loading 
positions per veneer material (COM, ZR), including 10 loading positions per support type 
(bounded, cantilever), and 5 loading positions per tooth (#3, 5, 12, 14). All prostheses 
were placed on the same loading model consisting of epoxy resin and 4 bone-level 
implants.  
4.3.1 Cyclic Load Test 
In the cyclic loading portion of the experiment, two primary outcomes were studied 
over five cycles of loading to 400 N and unloading to 5 N – maximum displacement and 
energy absorption. Maximum displacement was the displacement of the prosthesis in mm 
at 400 N, measured directly by the loading device. Energy absorption was the average 
energy absorbed per cycle in mJ calculated based on the difference in strain energy of 
the loading curve and the unloading curve in each cycle. This calculation can be 
visualized as the area between the rising and falling stress-strain curves, which can be 
described as a hysteresis loop. 
The displacement measurement was taken at the same load across all groups and 
represented the relative stiffness of the specimen. Stiffness was attributed to the elastic 
behavior of the system. Energy absorption, on the other hand, was attributed to the 
inelastic component of the system responsible for load dissipation. The two components 
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together summarize the viscoelastic nature of the system (18). Rheological testing allows 
the testing of viscoelastic materials to study the phase lag (delta) between cyclic stress 
and strain curves. Viscoelastic materials exhibit a delayed response of strain to an applied 
stress, and the time difference between the two is known as the phase lag. The phase 
lag for each material can be represented in an angle (tan delta) between the storage 
modulus and the loss modulus which corresponds to the material’s damping capacity in 
response to repeated load. While dynamic mechanical analysis (DMA) is the gold 
standard to evaluate the rheological properties of viscoelastic materials, this study was 
designed as an attempt to distinguish between the stiffness of the material, an elastic 
property, and the damping capacity of the material, a viscoelastic property. Damping 
capacity was extrapolated from the area within the hysteresis stress-strain curve, rather 
than tan delta as would be done in DMA. Many authors of dental literature have falsely 
considered flexibility and damping capacity properties as one and the same or otherwise 
failed to consider the viscoelastic properties of polymeric materials (11,10,9). 
The displacement of the prosthesis at maximum load was significantly affected by 
veneer type. COM-veneered prostheses demonstrated higher displacement values than 
ZR-veneered prostheses. Displacement was also significantly affected by support type. 
Cantilever sites displaced to a greater extent compared to bounded sites. The 
displacement of the prosthesis was significantly affected by tooth position, and this was 
explained by a regression model correlating framework thickness and veneer thickness 
to displacement. There was an inverse relationship of displacement to thickness, as 
expected based on concepts of linear elasticity. The thicker the materials, the stiffer the 
prosthesis, the less the displacement – and this applied to both the framework and the 
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veneer. In the case of energy absorption, veneer type was the only statistically significant 
factor, with a greater energy absorption exhibited by COM-veneered specimens. 
Lakes studied various composite materials including polymer-based composites 
from a rheological standpoint and has shown that the properties of stiffness and energy 
loss together determine the application of various composites as damping materials in 
domains of various structural demands (36). Composites can present with various 
combinations of stiffness and energy loss such as high stiffness and high loss, high 
flexibility and high loss, high stiffness and low loss, and high flexibility and low loss (Figure 
156). Stiffness-loss properties are determined by the so-called structural hierarchy 
concept, where the various components of the composite material contribute to these two 
properties to determine the behavior of the overall composite material.  
Applying this concept to the materials used in this study, both PEEK and TR are 
polymer-based materials but only TR is a composite. Since PEEK is mostly unfilled, the 
behavior of the material in terms of stiffness and loss mostly depends on the properties 
of polyetheretherketone. TR, on the other hand, is a composite of an epoxy resin matrix 
and glass fiber reinforcement. TR’s viscoelastic properties depend on the behavior of the 
epoxy resin, while stiffness is increased by the presence of the glass fibers. This can 




Figure 156. Stiffness-Loss Map of Composites, adapted from Lakes, 2002 (36) 
To expand on that, it is argued by the author of this dissertation that the feature 
most valuable for shock absorption in implant prosthetics is the damping effect that can 
be attributed to the phase lag (or loss property) in viscoelastic materials such as polymers, 
rather than the flexibility or resilience of the material (or stiffness property). Increased 
flexibility in framework materials could prove detrimental, as seen in the previous section, 
and lead to the delamination of the veneer due to stresses concentrated in the cement 
layer. Increased flexibility in the prosthesis at cantilever spans could cause increased 
displacement of the prosthesis due to the bending moment, which in this study showed 
displacement values of up to 200 micrometers in one group (TR veneered with COM). 
This displacement value is measured directly from the loading point occlusally but may 
present with even higher values if measured from the gingival surface of the prosthesis. 
This could have clinical repercussions related to gingival health in the cantilever span with 
continued function. As shown by Bhering et. al, this could also place undue stresses on 
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the bone-implant interface and the prosthetic screw of the implant closest to the 
cantilever, especially with tilted implants (37). Therefore, increasing the stiffness of the 
prosthesis may have a benefit, while also maintaining a damping effect. According to 
Lakes, this can be observed in composites with high stiffness and high loss, which is the 
end goal in improving damping materials (36). 
Since the maximum displacement is attributed to the storage modulus and the 
energy absorption is attributed to the loss modulus, they are governed by different 
properties. Yet in this study, displacement and energy absorption were somewhat 
proportional to each other as shown by a bivariate regression model of satisfactory fit (R2 
= 0.74) (Figure 120). The correlation between the displacement and the energy 
absorption could be explained by the fact that the two outcomes were both closely related 
to the veneer material. Greater displacement and energy absorption occurred in 
prostheses veneered by COM veneer compared to those veneered by ZR. The increased 
displacement in the presence of the COM veneer can be explained by the fact that COM 
has a dramatically lower modulus of elasticity of 9.6 GPa, compared to the extremely stiff 
material, ZR, with a modulus of elasticity of 210 GPa. Despite the framework being a 
flexible material in both groups, the splinted veneer design spanned across the distal 
implant position, which was the fulcrum point of bending of the prosthesis for loads in the 
cantilever area. This bonded veneer segment influenced the flexibility of the whole 
structure as a result. This is also evidenced by the position of initial failure that occurred 
when prostheses were loaded to failure on the cantilever teeth (teeth #3 and #14). It was 
found that in ZR-veneered prostheses, the site of initial failure was a crack in the veneer 
that occurred further anteriorly than that of COM-veneered prostheses. This is due to the 
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stiffness of the ZR material which transferred the load further away from the fulcrum point, 
and opposite from the site of loading, in a greater lever force than what occurred with the 
COM veneer.  
As for energy absorption, this could also be attributed to the properties of the 
veneering materials, where one is an elastic material – ZR – and the other is viscoelastic 
– COM. COM is a polymer-based composite, which consists of a polymer matrix with 
inorganic fillers. The presence of the polymer matrix provides a degree of damping due 
to its viscoelastic nature and thus can absorb a greater amount of energy. ZR is a 
polycrystalline ceramic and exhibits elastic behavior, which means there is no phase lag, 
and the material behaves primarily according to its storage modulus. However, 
considering the framework is still polymer-based, and makes up the bulk of the volume of 
the prosthesis, a drop in energy absorption of up to four-fold in ZR-veneered prostheses 
was surprising. When the study design was re-examined, this could be explained by the 
fact that energy absorption values were determined based on the strain recorded directly 
at the loading point. In other words, the data used to calculate energy absorption was 
collected strictly from the veneer surface. This may not be an issue in monolithic 
structures, but in structures of multiple layers such as this prosthesis, there may be energy 
dissipation occurring in other layers that is not accounted for. In this study, the prosthetic 
unit included a veneer layer, a framework-veneer cement interface, a framework layer, a 
framework-abutment cement interface, and a screw-retained abutment – a total of 5 
layers.  
Another shortcoming of the study design is the limited number of cycles tested at 








material-tooth groups showed a negative intercept value and deformation values 
approached zero rapidly by the 10th cycle. Moreover, the position accuracy of the 
universal testing machine used in this study is in the range of 20 micrometers, meaning 
measurements as small as 5 micrometers may not be valid. Based on this data, the 
permanent deformation of the prostheses regardless of veneer material is of no concern. 
However, a cyclic fatigue experiment is the only sure way to confirm these results. 
This study was a proof-of-concept experiment that a polymer-based prosthesis, 
whether veneered by a viscoelastic or elastic occlusal material, demonstrated a damping 
effect under repeated cycles of loading. The goal was to understand the effect of veneer 
materials, veneer thickness, framework materials, framework thickness, and support type 
on this damping effect in order to better mimic the natural tooth-periodontium apparatus. 
The damping effect of the periodontal ligament is of interest as it has been considered a 
poorly documented complex phenomenon that is often excluded from modeling 
experiments that attempt to study the dynamic behaviors of orofacial structures (7,6,39).  
Few studies have assessed the viscoelastic properties of the periodontal ligament, 
which Chang et. al expanded on in an animal study comparing the shock absorption of 
natural teeth to that of dental implants (40). The study successfully constructed a device 
that could detect natural teeth and dental implants’ micromovement under different loads. 
The authors found that the periodontium of natural teeth possessed the viscoelastic 
properties of creep, stress relaxation, and hysteresis, which allow a greater degree of 
energy dissipation compared to dental implants. The energy dissipation was calculated 
in a similar method to the one documented in this dissertation. The area within the 
hysteresis loop was used to calculate the energy loss in loading and unloading cycles. 
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Measurements were done under different loads of 100, 200, 300, and 500 g. For natural 
teeth, an energy dissipation value of 1.97 × 10−2, 4.52 × 10−2, 7.35 × 10−2, and 13.94 × 
10−2 mJ, was obtained for each of the loads respectively, while for implants significantly 
lower values were obtained. The greatest load used in Chang’s study was 500 g (4.9 N), 
about eighty-fold less than the maximum load to which prostheses were cyclically loaded 
in the current study (400 N). However, if this factor of 80 is considered, the energy 
dissipation of natural teeth found by Chang et. al was in the range of values obtained for 
the COM-veneered prostheses in this study and about 1.5x the mean energy absorption 
for the same group at tooth #3. As for the energy dissipation value on implants (1.47 × 
10−3 mJ at 500 g), it was in the range of values obtained for ZR-veneered prostheses and 
close to the mean energy absorption for the same group at tooth #5. This assumes a 
linear relationship between load and energy dissipation in implants and in natural teeth, 
but the closeness of values between the cited animal study and the current study shows 
promising translatability of the results to a clinical context. 
Magne et. al used a different approache to compare the damping behavior of 
implant-supported restorations to a simulated natural tooth complex in an in vitro study 
(41). The Periometer®, a handheld percussion probe capable of measuring the energy 
loss coefficient (LC) was used to compare the energy loss in different combinations of 
crown and abutment materials. The study concluded that including composite resin 
components in the restorative complex provided a damping effect to the implant 
restorations similar to that of natural teeth with a simulated PDL. This is consistent with 
the results of the current study showing that the damping effect was closely related to the 
use of polymer-based materials. 
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4.3.2 Load to Failure Test 
The results of the load to failure test were generally consistent with results of the 
bilayer bar testing based on the failure mode and the failure load of the prostheses when 
loaded at bounded sites (teeth #5 and #12). The failure pattern of all specimens presented 
as fracture in the veneer only and partial delamination of the veneer. The failure mode of 
delaminated areas was mixed adhesive-cohesive. The mean initial failure load at ZR-
veneered bounded sites was 2784 N, which was significantly higher than that of COM-
veneered bounded sites (1260 N). The difference between the two values was 
comparative to the difference found in Phase 2 of the same framework/veneer 
combination. At cantilever sites, the flexure of the structure operates under different 
principles based on beam theory (42) which can explain the dramatically lower values. 
The relationship between veneer and failure load remained consistent when compared to 
the results of the bilayer bars, regardless of support type. ZR-veneered prostheses 
generally demonstrated higher failure loads than COM-veneered prostheses regardless 
of support. In almost all specimens, no visible permanent damage was detected in the 
prosthesis, abutments, implants, or loading model. No delamination of the framework 
from the abutments was detected. This leads to the conclusion that most of the stress 
from loading is concentrated in the veneer and cement layers at the framework-veneer 
interface. 
There was generally no difference in failure load between teeth positions of the 
same support type, except for the ZR-veneered bounded loading sites (#5 and #12). ZR-
veneered #12 loading sites had a significantly lower failure load compared to ZR-
veneered #5 loading sites. This was most likely due to the fact that the cantilever sites 
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were loaded first and the initial cracking failure extended close to the bounded loading 
sites. This is especially true on the ZR-veneered specimens where loading of tooth #14 
caused a crack to extend to the midfacial surface of tooth #12 in most specimens. This 
most likely influenced the failure load when #12 was loaded, resulting in a lower value 
than #5 contralaterally. 
The rigidity of the ZR veneer allowed for reduced displacement of the prosthesis 
under load in cantilever areas which can be a good stress control feature. However, the 
reduced failure load in cantilever sites at initial failure in both materials may be due to the 
fact that the veneer was splinted across the distal implant which acted as a fulcrum point. 
If individual crown-shaped veneers were used instead, the benefit of the high fracture 
toughness of the TR framework may have been better utilized to withstand higher loads 
prior to failure. This was demonstrated by the drastic difference between failure load at 
the initial failure and final load at the catastrophic failure in cantilever sites of both groups. 
At the initial failure, the veneer segment cracked mesial to the implant, beyond the fulcrum 
point, to dissipate the bending stress. The load test then continued after this initial failure 
until the veneer material fractured directly at the loading site. There was a two to threefold 
difference between the initial failure load and final failure load. This indicated that the 
prosthesis may be able to resist a much greater failure load at the cantilever sites if a 
single-crown veneer design was used rather than a splinted veneer segment or a full arch 
veneer layer (such as hand-layered composite resin). However, this will remove the 




It is important to understand the interplay of stiffness and maximum failure load in 
the performance of prostheses in a clinical context. Many authors have reported a 
satisfactory failure load of 1,000 N as a benchmark based on the findings of a study 
reporting a maximum voluntary bite force of 922 N in one human subject, with averages 
in male subjects not exceeding 800 N (43). In the current study, ZR-veneered prostheses 
passed the threshold of 1,000 N failure load at all loading sites. However, there was no 
aging done to the prosthesis specimens in the current study. Thermocycling and cyclic 
fatigue may further reduce the failure load values. On the other hand, using an individual 
crown veneer design may increase failure load but reduce the stiffness of the prosthesis, 
especially at the cantilever loading sites. Further studies are needed to study the effect 
of the resilience of a prosthesis on the stress transmitted to the bone around implants, as 
shown in the FEA study conducted by Bhering et. al (37). At bounded sites, regardless of 
veneer material, specimens demonstrated a failure load well above the 1,000 N threshold, 
which keeps the focus on cantilever sites for evaluating the optimal framework/veneer 
combination. 
The only longitudinal clinical study reporting the use of full arch fixed prostheses 
with a TR framework (Figure 159) was a prospective cohort study of 10 patients restored 
with 4 ultrashort implants in the mandible (44). The average followup period was 19.5 
months. The prostheses were layered with direct composite veneering material. The 
success rate was reported as 97.25% with no chipping or fracturing of the prostheses, 




Figure 159. TR framework layered with gingival, facial, and occlusal composite. 
Seemann et. al, 2015 (44)  
The failure mode shown in prostheses of a TR framework and COM or ZR veneer 
was consistently that of veneer fracture and delamination without involvement of the 
framework or the veneer on the contralateral side. This may present a distinct clinical 
advantage over failures that involve the framework or the whole prosthesis. With the 
framework intact and adhered to the abutments, the failure of the prosthesis in the veneer 
is no longer a drastic dental emergency. This can be seen on the patient level in terms of 
comfort, maintenance of function, gingival health, and protection of the implant-abutment 
interface which translates to the crestal bone-implant interface. This can also be seen 
from a practice management perspective, with reduced lab fees and simpler prosthetic 
procedures. The framework can be treated the same as natural teeth abutments that have 
lost their crowns. The exposed preparation surfaces can be cleaned from debris, 
smoothened, impressed for the fabrication of new crown veneers, and temporarily 
restored with provisional crowns until the completion of the necessary procedures. This 
provides the flexibility of the clinician’s choice in treatment, with the possible option of not 
removing the prosthesis from the patient’s mouth at all for these repair procedures. This 
of course depends on the extent of the damage. 
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In the current study, all machining guidelines for TR provided by the manufacturer 
were respected. Most notable is the cantilever span length which did not exceed 7 mm. 
The manufacturer recommends a maximum of 15 mm cantilever extension (21). 
As mentioned before, the presence of glass fibers in the TR material may be the 
main issue of concern for such prostheses. The hazard of glass fibers exposed in the oral 
cavity due to fracture or normally present at the marginal interface must be thoroughly 
addressed with biocompatibility studies. 
4.4 Limitations of this Study 
1- This was an in vitro study which cannot fully replicate the conditions of the oral 
cavity and the complex interplay of biological, neuromuscular, and mechanical 
factors.  
2- The CAM software and milling machine used in this experiment do not allow the 
customization of machining parameters or tools for the purpose of a user-
controlled machining process. 
3- The two polymer framework materials were different in resin composition as well 
as fiber-reinforcement. The inclusion of a fiber-reinforced PEEK material and an 
unreinforced epoxy resin material could serve as meaningful control groups, but 
these materials are not commercially available at this time. 
4- Loading force was applied to prostheses in a vertical direction which is unlike 
clinical conditions where lateral forces predominate. Masticatory cycles generally 




5- Polymers are time- and temperature-dependent materials but this study was 
conducted at room temperature and without any thermocycling or cyclic fatigue. 
The cyclic loading test was conducted in continuous cycles, which may dismiss 
any recovery capability of the material. 
6- There is no reference value for ideal or desired energy absorption values to serve 
as a comparison to the values obtained in this study. 
7- Energy absorption calculations were made based on stress-strain data gathered 
at the veneer surface at the site of loading which may have poor sensitivity to 
damping effects present in other layers in the prosthesis. 
 
4.5 Recommendations for Future Research 
1- It may be beneficial to conduct the same load to failure tests for bilayer bars and 
full arch prostheses after subjecting the specimens to thermocycling or cyclic 
fatigue. 
2- Machining parameters and tools used for milling PEEK and TR could be studied 
to optimize the milling success. 
3- Surface roughness and polishability of milled PEEK and Trinia could be 
assessed with and without the use of glaze and surface sealing materials. 
4- Biocompatibility studies could be done to assess the issue of surface finish and 
glass fiber extrusion at exposed surfaces. 
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5- A shear bond strength study could be conducted of the adhesion of various 
veneering materials to Trinia with various surface treatment and adhesive 
agents. 
6- Cyclic loading test of bilayer bars could provide a more well-controlled study of 
damping capacity to correlate with the prosthesis cyclic loading results of this 
study. 
7- In vivo evaluation of natural tooth damping may help in cataloging physiologic 
energy dissipation values present in human periodontium. 
8- Study design for calculating energy absorption should be modified by gathering 
stress-strain data from the gingival side of the prosthesis or by measuring the 
load transmitted to the implants compared to the load applied to the prosthesis. 
9- Standardized damping tests could be done of various materials and prosthesis 
configurations used in dentistry such as layered and monolithic zirconia, metal-
ceramic, and metal-acrylic. 
10- In vivo studies are needed to assess the effect of damping (or lack thereof) on 
the bone around implants restored with various material combinations. 
11- Varying span length of cantilever and thickness of prosthesis could be done to 
observe their effect on damping and on failure load. 
12- Varying the implant restorative protocol with angled abutments could help assess 
the load transferred to screws and bone-implant interface in the case of a low-
modulus framework with damping capabilities.  
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Chapter 5: CONCLUSIONS 
Within the limitations of this study, the following conclusions were drawn: 
5.1 Characterization & Machinability 
1- TR consisted of an unfilled epoxy resin matrix reinforced with glass fibers. 
2- According to the merlon fracture test, the minimum machined thickness of PEEK 
and TR was 0.5 mm. 
3- There was no significant difference between milling success of PEEK and TR, 
but cumulative success rate was slightly superior in PEEK. 
4- Fracture height, length, and trajectory were useful parameters to evaluate the 
fracture behavior of machining damage. PEEK exhibited a ductile response to 
machining damage, while TR showed a more brittle response. 
5- Chipping factor of PEEK was higher than TR eightfold, meaning TR showed an 
improved marginal integrity at 0.5 mm. 
6- Even at 0.5 mm wall thickness, both PEEK and TR showed concerning signs of 
machining damage with the milling parameters and tools used in this study. 
5.2 Bilayer Bar Mechanical Testing 
1- Bilayer bars with a TR framework withstood significantly higher loads at failure 
compared to bilayers with a PEEK framework in a three-point bending test. 
2- Bilayer bars with a ZR veneer withstood significantly higher loads at failure 
compared to bilayers with a COM veneer in a three-point bending test. 
3- All groups exhibited failure loads of at least 1000 N in a three-point bending test.  




5- PEEK framework/COM veneer bilayer bars had the least mean failure load (1052 
N). 
6- There was no significant difference in failure load between TCB (TR 
framework/COM veneer bilayer bars) and PZB (PEEK framework/ZR veneer 
bilayer bars). 
7- The biaxial flexural strength of the four framework/veneer combinations could not 
be compared due to the occurrence of delamination in 3 of the 4 groups. 
8- PZB (PEEK framework/ZR veneer bilayer bars) was the only group with fracture 
of both the veneer and framework without any delamination and exhibited a mean 
biaxial flexural strength of 46.15 ± 5.76 MPa. 
9- None of the bilayer bars with TR framework exhibited framework fracture. 
10- The framework/veneer combination with mismatch of elastic modulus and a 
resilient and adequately tough framework material resulted in veneer 
delamination prior to framework fracture, which occurred in all groups except 
PZB. 
11- In delaminated specimens, bilayer bars with a TR framework exhibited mixed 
adhesive-cohesive failure on both layers, while bilayer bars with a PEEK 
framework exhibited purely adhesive failure on the PEEK-cement interface. 
5.3 Bilayer Fixed Prostheses 
1- Full arch implant prostheses with TR framework demonstrated elastic hysteresis 




2- Significantly higher energy absorption was observed in prostheses veneered with 
COM compared to ZR. 
3- There was generally no statistically significant effect of support type and loading 
site on energy absorption. 
4- Energy absorption decreased with increasing cycles of loading-unloading. The 
change in energy absorption had a strong reciprocal relationship with the number 
of cycles such that the energy absorption value plateaued after a certain number 
of projected cycles. 
5- Significantly higher maximum displacement was observed in prostheses 
veneered with COM compared to ZR. 
6- Significantly higher maximum displacement was observed in cantilever support 
compared to bounded support. 
7- Maximum displacement was inversely related to the thickness of the veneer and 
framework materials. 
8- Permanent deformation of the prosthesis was negligible after 10 cycles 
9- The failure pattern of all prostheses presented as fracture in the veneer only and 
partial delamination of the veneer.  
10- The failure mode of delaminated areas was mixed adhesive-cohesive regardless 
of veneer material.  
11- The mean initial failure load at ZR-veneered bounded was significantly higher 
than that of COM-veneered bounded sites. 
12- The mean initial failure load at bounded loading sites was significantly higher 
than that of cantilever loading sites. 
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13- Full arch implant prostheses with TR framework and ZR veneer are a viable 
option for fixed implant rehabilitation demonstrating adequate failure load values 
above 1000 N and repairability of the failed sites.  
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